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A method is developed to predict theoretically the increase

of temperature due to wind recirculation in the inlet of a VTOL

lift engine exhausting normally to the ground. It is shown how

= to calculate with the potential theory the velocities in the

recirculation flow and how to determine the temperatures with

the laws of spread of buoyant plumes. Many model investigations

were done to check these results. The three regions of a VTOL

propulsion jet, the free Jet, the wall jet, end the zone of

separati-n of the wall jet from the ground due to wind effects +.....:

and bmoyanc] £orces are investigated in model Jets with cr_tic-aij _5

nozzle prebsure ratios and temperatures up to 1000 °C.
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I. Introduction - Recirculation in jet-supported VTOI aircr,_Jft / O*

The ground effects induced by the fr_:e jet of the lifting

engine have a considerable effect or_ the design and shape of

V/SfOL (1) aircraft. This effect causes both increas=_ irl the

lift as well as forces on the airframe which reduce lift,

runway damage, and even damage to the airframe, through ground

erosion, and considerable added noise stresses. In detail, we

, distinguish between the following jet-induced ground effects:

I Aerodynamic ground effect
Thermal ground effect (recirculation)

Fountain recirculation

k Wind recirculation

Ground eros ion

Noise

The engine jets, directed toward the ground to produce lift

during the takeoff and landing p|mses of a V/STOL aircraft, produce

secondary forces and moments on the aircraft which increase or

reduce the lift. This is the aerodynamic ground effect. Engine

jets redirected at the ground meet each other in the so-called

fountain effect, are redirected upward by it, strike the wings

or the fuselage, and produce a local overpressure region there,

increasing the lift. In contrast, the intake flow drawn into

the thrust Jet decreases the llft. Depending on the engine

arrangement, the portions which increase or reduce the llft may

predominate. Also, this secondary flo_ induced by the supporting

Jet can cause turbulent flow in flowing around the wing edges

across the whole wing contour, and can lead to dynamic loads

on the airframe due to vortex formation.

I f n K_-

_ (1) Vertical/Short TakeOff and Landing '

*Numbers in the aarEIn indicate paEinetion in origlna orelg _i_
text.
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in recirculation, the thermal $round effect, _irt of the hot / i_

engine jet is returned to the intake through redirection at th<J

ground, the the<ma; lift forces, and the depression effect of

the engine intake. The temperature increase at the intake can

take on quite coh_iderable values with mutual engine jet effects

and the wind effect. This can cause a significant drop in engine
i

power during hovering flight over the ground, the time of

maximum requirement for thrust, and can cause the aircraft to

crash.

J
The sensitivity of jet engines to an increase in the intake

air temperature is shown in Appendix 9.i with the Rolls-Royce

k RB 162-31 lift engine as an example (Figure i), and is shown

graphically in Figure 2. Even two degrees of temperature rise



cause one percent loss of thrust. This justifies the great

attempts of designers to protect engine intakes on VTOL aircraft

from recJrculation flow.

If several free jets strike the ground vertically, thei_ /]]

wall jets _hich move toward each other are redirected upward as

ascending flow fountains. Hot engine exhaust gases can get

directly into the comDressor intake this way, reducin_ the

thrust production, cutting off the engine, or damaging the

1 airframe due to high temperatures. Here, we speak of fountain
recirculation or recirculatior of the near zone. Local temper-

atu*_e peaks up to 70% of the nozzle have been measured at the

level of the engine intake in such hot gas streams shooting

upward. Along with the loss of thrust which occurs, the

operating behavior of the engine is severely disturbed by such

uneven temperature profiles at the intake cross section (inlet _{

@ distortion). On the basis of extensive series of tests in the

past years, we are now able, for new aircraft designs, to

avoid from the beginning those engine arrangements in which hot |

gas fountains could occur. For instance, fountains can be

avoided by slightiy pivoting the engine jet away from the vertical

or through injecting an auxiliary jet to destroy the fountain.

The wind recirculatlon (Figure 3) is considered far /12
more problematical today. This process is also called "recir-

culation of the far zone H . It occurs when a supporting Jet

redirected at the grom_d flows into a wind flow which separates

the hot wall Jet from the ground and carries it back to the

engine intake. In bad cases, thls hot air cloud washes over

the entire aircraft. J

I



_______
i

i

Rec ircu tat ion i
: i i- Engine intake

f /
, iw_'l / \ _'-_"__, / / VTOL aircraft

_ / / _....._ =___.-/'-----
,_ / / _ ,t,___Engine nozzle

,;/////_//>///, " /,,i, , •" /III,,H/.Giou,ia?/llil
iSeparation point

7

"l

Figure 3. Wind recirculation in a VTOL aircraft.

In contrast to the hot gas fountains, the wind recircu_ation

causes only relatively small temperature rises at the intake,

rarely exceeding 30=C, but this reclrculatlon is much more

difficult to combat or eliminate. The trend in lifting engine

technology toward larger-volume Jets with low specific impulse

is moving the problem of wind reclrculatlon more and more to the

front. This work is coucerned exclusively with the wind

reclrculatlon.

The grom_J erosion leads to destruction of the ground by

: the hot high-velocity Jet. Depending on the nature of the ground, i

• it tears out pieces and ma1- even dsm_e the airframe or the _ %

engine, or hinder the pilot's vision. _,_'-_

i _ ": ¢" " " " I_'_N f_."h42, "

.... : _.'_,If-.,,._',i :,

":_:_._,._'4,_

_"-'; _._.... _-_:_,,-'_:#_;_,,_,_......,;,.,; .-. .,_,...,,,,,..

1973015596-012



The noise of VTOL aircraft with singte-shaft Lifting, _in<;-

which occurs in hovering flight comes almost sol< iv from th<

supporting jet. In addition to the iet noise of the convention;_l

aircraft, with a VTOL engine jet there is also uhe acoustically

stressing back-coupling effect described by Wagner 175].

2. Previous results and kno_ edge - statement of the problem. / 13

Today, we find a whole series of works in the literature,

1 concerned with J:ecirculatLon flow_ i VTOL aircraft. Most of the
investigations on the thermal g_ound effect up to 1968 have been

collected and briefly described in the literature survey [61].

k It appears from this that so far only a few authors have made the

attempt to describe the ground effect theo__tically.

So far, only one semiempirical theory oll the hot gas wall jet

, has been published by the Englishman _ox-Abbott [II]. He attempts _
to determine the separation point of the hot wall jet _aused by

thermal buoyancy forces. In comparison, most of the reports

are limited to the reporting of experimental results. In recent

years in the USA, NASA has performed a series of extensive intake

temperature measurements, by Speth-Ryan [69], Lavi-Hall-Stark

[36] and McLemore-Smith [37], on VTOL aircraft models with the

original engines. Almost without exception, these experiments

were concerned with complicated a_rcraft configurations, and

make statements on the intake state of the engine. But basic

research on the parameters of the supporting Jet and the flow

drawn into it, which are important for the ground effect,

remain unconsidered in these works.

Now, tf one wishes to take the missi_ data on the VTOL

supporting Jet from the literature on free Jet and usll Jet flows,

one must establish that _nearly all basic; st_lee have been done

[ with lets having low nozzle pressure _8_Ios, wlth or wlt3_ou_

low excess tu_ereture. But with slz_le-sh_t l:l/ttx_ 4mgin_,

i

"19730]5596-0]3



we have sonic velocity and exhaust gas tempera_ur,_ _t_. : bO_v

and I000 °C at the nozzle orifice. But, beck=use of '_h_ d_f __., r,t

degree of torbulence_ these engine jets are subject to diff_rtnt

expansion laws than are inccmpressibJ= cold gas jets. Fhe

classical free j,.t works of Tollmien 74], Reichar0t _51 _, /] -_

F_rthmann [18], Corrsin-Ub_roi [i0], Laurence r35] =_nd Wi[ie 7(_

, which are still usea for most ground effect s_udies, however,

are concerned with cold or only slightly heated jets in the

fully expanded region far behind the nozzle. They do not go

into the problematical definition of the jet boundary in hot gas

jets (Section 9.4.10). But exact data on the jet boundaries are

of decisive importance for determination of the mass drawn in.

k The basic wall jet studies of Glauert [21], Bakke [3], Bradshaw-

Love [8], Hertel [25], Scbrader [58] and Tani-Komatsu [72] also,

without exception, treat incompressible jets without excess

temperature. The "reversal effect" of the wall jct established /
'j

here, which is the expla._tion for many phenomena which have noc _

bee_. understood in ground effect s_adies, has previously been _

,! measured by Schrader [58], and he has not considered it furtheT..
In the literature, statements on the separation ehavior of _

wall jets under the effect of wind can only be found in Cox-

_ Abbott [iI]. The reversal effect is discussed in Section 9.5.4.

'K Seibold [65] in 1962 and Schulz [59] in 1970 performed

_ the potential-theory calculation of the velocities in the secondary

_ flow field from a single free Jet in order to obtain the pressure
&

_: distr_buti_ induced on the airframe, and, from that, to determine

i the secondary forces actlng on the aircraft. In 1966 [60] the

_ entire two-dlmensional recirculation flow field of a single lift-

_ ing engine was determined according to potential theory. But

these calculations stand or fall with the boundary condttlons.

These are statements on the depression dirtrlbutlon of the

supporting Jet and on the separation length of the wall Jet.

Previously, these values have either been estJlated or taken

6 .....7:_
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from older fr_e jet measurements which have o:_[- £itt]_ :_r=d]._:i

power for the VTOL jet.

Determination of the exact boundary conditions _,as a _]or

prerequisit= for the successful treatment of the recircuiation

problem. In years past, therefore, intensive free jet and wall ,'_5

jet studies have been performed. These are partially reporL=d in

[62, 6], 64]. These studies are described in detail in Appendices

9.4 and 9.5. Their most imporuant results will be related briefly

j here :

Free jet
\
\

The behavior of the high velocity jet differs from that of

the low velocity jet. If one wishes to produce a supporting jet

near to reality for a single-s_mft lifting engine, we n-my changes
only the geometric dimensions. The jet Mach number and temper-

ature must be maintained. _

With convergent nozzles and critical nozzle pressure ratio

Pges/P® the core flow of the free jet is supersonic.

Wi_h increasing Math number, the jet turbulence decreases

and the jet breakup becomes less.

With increasing nozzle Math number, the jet expansion angles

become smaller for velocity, dynamic pressurel and temperature.

In contrast to the free jet wlth low nozzle velocity, the jet

expansion angle of the Msch i Jet is nearly independent of the

temperature of the jet. At a length of § jet diameters, the hot

gas je_ increases its dlmens-ion considerably faLaer than the \

cold _as Jet.

i
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Wall jet

As the nozzle approaches the groond, the maximum dyna_:li_

pressure and velocity in the wall jet decrease (reversal effect Jo

The _mss flow of the wall jet increases slightly with increasi_l_

distance of the nozzle from the ground. It increases consider-

ably with increase of the nozzle temperature. If it is normalized

with respect to the free jet mass flow at the stagnation point,

the increase in mass of the wall jet can be described by a single

l straight line.
/!6

Separation of the wall jet

\
The separation length of the wall jet increases linearly with

decreasing wind velocity.

The wall jet separation because of blowing wind is independent

of the nozzle temperature, but, in contrast, the nozzle Mach

number has a strong effect on the site of sepa-ation.

The temperatures of the recirculation f.-_w in the secondary

field of the supporting jet can be calculated from the expansion

laws of rising warm air clouds. Such studies of thermal flows

are known from meteorology and have been applied, among other

things, for dispersal of fog over airfields (e. g., by Rankine

[48], Rouse-Ba_nes-Humphreys [54], Morton [43], Morton-Taylor-

[44],  iestley- U [47], gai- ons[4s] and
/-

_. Sutton [70, 71]). These autl_ors did not consider the wind effect.

_ We cannot, however, combine these publications on ascending flows

with the works on cold gas free jets blowing against objects

perpendicular to their axes, by Keffer-Baines [34], Bradbury- ,.,,,

Wood [6], Crove-Riesebleter[12],Gelb-Martln[20],Jordinson[33] _..:_
and the authors of [41] and the research results on the __"ii-,

expausion of smoke clouds fr_ hot chimney flows by

I
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Bosanquet-Carey-Mech-Halton _4]_, Wippermann _77] and Rauch _c,''

because all these studies treat rotationallv svmmetrical ]tt

and, therefore, do not adequately describe the largely two-

dimensional recirculation flow. In this work, then, we must

follow a new route in order to describe conditions in the war_: air

clouds which rise above the site of separation and then blow away.
i

Model laws for the recirculation flow are important for the

interpretation of model measurements. In this respect, Cox-

I Abbott [ii] in 1964 and Behnert [5] in 1970 have propo-_ed

model parameters with which the results from model investigations

with jets of low nozzle Mach number and excess temperature could

k be recalculated to such higher Math number and temperature. / 17

But such recalculations between the model and the original

are reasonable only if the flow conditions for the two are similar.

But this similarity becomes questionable because of the changed2

expansion laws for the high velocity jets in comparison to the _!

free jet with lower nozzle outlet velocity demonstrated in this

work. Hall [23], who made comparative measurements of engine

intake temperatures on a large model with real engines and a

small mode!of the same configuration iu 1970, came to the

conclusion that there is similarity in recirculation flows only

if the initial conditions of the engine jet, such as temperature,

Mach number and degree of turbulence are identical for the

full scale design and the model. Seifferth [66] confirmed this

model. He investigated the model similarity of hot gas wall

jets, wit_ the critical nozzle pressure ratio and the nozzle

temperature identical, but with the nozzle diameter varied

between I0 and 50 ram. He established similar temperature and

dynamic pressur_profiles. Also, Hueber [32] had shown as early

as 1964 that complete similarity of the zecirculaZion processes _

i between model and full scale are attained only if the orisinal %

Jet temperature is maintained _ the w_del experiment. To be -___,-_,, '_

sure, he writes nothing in his work of the _zt_ Ma_h .... '

197301559 -017



imi larity.

In summary, we can say that today, in spite of the many

_xperiments which have been done with VTOL aircraft models, the

flow mechanism of the supporting jet and its secondary flow is

not yet completely explained. Thus, it is not yet possible to

hake a theoretical prediction of the engine intake temperature

to be expected because of recirculation as a function of the

_xhaust gas parameters of the engine, the height of the nozzle

I ibove the ground and the wind velocity. In this work, the
expansion laws of the VTOL supporting jet are investigated with

realistic nozzle temperatures and Mach numbers.

\
To do this, we have performed systematic model experiments /i___8..

on free jets, and on wall jets and their separation behavior as

influenced by the wind Based on these results, we have de-eloped _
_j

a method by means of which the recirculation flow for a single

lifting engine and its intake temperatures can for the first time

be calculated. These theoretically determined values are tested

by model _xperiments, and have been confirmed. The temperature

increase to be expected at the compressor intake due to wind

recirculation for a certain _.gine configuration has been presented

so that the project engineer can read it off a diagram (Figure 47).

3.

_I Recirculation velocities

3.1.1 Application of the potential theory

Here "_e shall present a method with which the velocity

vector_ of the entire three-dlmensiomal recirculatlon flow field _

c_: De calculated in the near and far vicinity of a liftL-_

._nEine blowing vertically onto the ground, according to potenttal_

J9730J 559G-OJ8



theory. By definition, potential flows are frictioniess flows

of constant temperature. The absence of friction is fulfliILd

well in the recirculation flow field, but we cannot speak of

an is .thermal flow.

As the following estimate will show, however, the temperature

' differences in the secondary flow field are so slight that the

thermal lift forces due to local excess temperatures are small 5n

relation to the kinetic flow forces generated by the wind flow

I and the suction effect of the jet. This can be clarified by thc
ratio

kinetic force = q " 12 _ Re--2 (3. I)

buoyancy force 13.g.1/Ta" _ ._ Gr

-[;

'_ Choice of the reference length, i, determines the numerical / I____9_i

value of the ratio. The displacement thickness gl of the wind

boundary layer is considered to be the most reasonable length

for formulating the Reynolds and Grashof numbers for the

recirculation flow. According to Schlichting [56] this makes

up some I/3 of the total boundary layer thickness for a plate

with longitudinal incident flow. Corresponding to Figure 112,

then, the wind boundary layer thickness is about 6 m, so

that 6 is some 2 m.
I

The velocities in the recirculatlon flow field studied

vary between 5 and 20 m/s (Section 4.2). This corresponds

_ to an dynamic pressurei range of 1.5 mm water < q <, 25 mm water.
?

According to Section 4.3. the reclrculatlon temperatures O'

$i vary between 0 and 25"C. If wa select for this estimate the

": extreme value e' = 25"C, and an ambient t_ratwe Ta of.. 28_..K,J
_ then the characteristic ratio sholm above is betwe_ the li_te; ,"_:;,":

@r

"k..,.'P'. , ""_
, u;_, ., ' ,-::_:,'c,_- _,,_'"-,_ "_ ,. -': ',.'.'.. '... ',-"'_.,,,,. .' -/.i"r.;._ _'.;" :o _,"_ :'
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ki_etic force
8 < < 130

buoyancy force

In the recirculation flow field, the kinetic force exceeds

the thermal force by one to two orders of magnitude, so that is

the dominant quantity for the course of the flow, and allows the

treatment of the recirculation process according to potential

theory.

I 3.1.2 Description of the potential theory model

k If one superimposes a series of sources and sinks in the
proper wdy, it is possible to induce in the vicinity of the

singularity a velocity field similar to that caused by a lifting

engine blowing on the ground. The secondary flow field induced by

" the lift engine and the supporting jet are described with the

potential theory mode. The flow conditions in the primary jet

itself and in its adjacent turbulent mixing zone cannot be

reproduced with this method.

The depression effect of the engine intake is produced by /20

two adjacent point sources and point sinks with different

strengths. The suction effect of the free jet and the wall jet

can be simulated by llne or area sinks. Light section photos

of the free and wall Jet intake flow show that the inflow

direction of the secondary air at the Jet boundary is not

perpendicular to the jet surface. The inflow direction departs

from the normal at the Jet margin. Thus it is reasonable to

place the line sink causin 8 the suction effect of the free Jet •

at the Jet axis and not at the outer Jet surface. A similar

situation applies for the area sink of the wall Jet. The

Jet srou , bYseparation of the wall from the caused W_l |_,:_:,_
and thermal buoyancy forces, can be reproduced well by the flow *"_°__:'__

_r_. _ ;_ _ _

12 _
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induced by a source on a cylindrical shell along with an

i 'adjacent annular s.m_. Because area singularities always i!o_,

to both sides, Lht in-flow from the cylindrical source which

would disturb the recirculation flow field must be absorbed by

the ring sink. It is shown in Appendix 9.5.8 that the separation

line directed against the wind is deformed from a circular ring

to an e11ipse. Therefore, in the potential theory mode2 also,

the area sink simulating the wall jet and the source-sink pair

representing the separation, the cylindrical source and the

I ring sink, must take on an ellip__ical form when the wind blows.
The wind flow itself corresponds to a translational flow with a

velocity gradient. The effect of the ground ;s generated

k by reflection of the potential flow.

The complete potential theory model with the various / 21

,, singularities for computation of the recirculation flow velocities k

is shown in Figure 4 and in the following table.
$

_:LI _ ,-°_,_ ....
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Cross section

z!
Number of the i v l

singularity _'7-._.- Point sit_k I- L----- r- -
2 _o._ Point source A u - "

4_L. Ring sink• _ Line sink

I Plan

- i

t

-.--.+-,
y --_

without wind
I

//// 7 without wind with wind

\\\ 7 with wind

J
°

4,

!

,_,-%

Figure 4. Potential theory model,J. "

• ,, , , .,:,._,,'
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T

No. of the Type of the Physical Si_llifiC,tnCL
singularity in Singularity I
the potenLiai
mode 1

1,6 Point sink Engine intake
2,5 Point source

3,4 Line sink Fret jet

7 Area sink Wall jet Without wind

8 Ring sink
Separa_ _on

I 9 Cylindrical locat ionsourc e

7 Elliptical area Wall jet With wind

k sink blowing
8 Elliptical ring

sink Separat ion

9 Eli iptical location
cylindrical

"J S ourc e

The velocity and its direction at an arbitrary point in the

y-z plane appears from the vectorial sum of the components Uges

and V es _ which are made up of the induced velocity components

of al_ the singularities of the potential theory model:

Uges : UI+U2 (%¨�8UIo+Uw

Vges = VI+V2+V3+ ........ . .... Vlo •

The velocity components induced by the individual s_ugularities

of the potential theory model Jn the y-z plane of the spatial

coordinate system are _erived in Appendix 9.2. As they are

calculated from potential equations, the potential £tmctions for _i__the potential ft_ctio_ for plane flows are also given: _ _

......... t_(T°
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L

two-dimens iona I Lhree-dimen_ io,_iI --/-'_-!-

(3.2) point source -- ¢=-_.V.i

I _l
(3.3) line seurca ¢=2-_'T inr ¢--_-_'-f S r

(3.4) area source _=_-#._ Inr ds _=-_-_._ _ d?

I (3.5) volume source ¢= • Inr dF ¢=-T_" v V " Il F a

\
Here V is the magnitude of the source. I> F and V are the

length, area, and volume sizes of the source and r is the

distance between the induced source point and the induced . ::

field point. The induced velocities at the field point are _

obtained by differentiation of the potential function @'

de de
u = _._ , v = _ . (3.6)

As long as we are dealing with simple integrals in the potential

function of the potential theory model, this can be solved;

but double integrals, because of their complex str_cture, can be

integrated only once. The remaining residual integral mu_t then

be solved numerically. Superimposition, with the proper signs,

of the induced velocity components of the individual singularities

is done very carefully because of the complicated structure of

the potential theory model and the difficulty in understanding the

t form of the integral equations. /

omet/ti
The source strengths and the ge c dimensions of the

_ model are necessary boundary conditions for the potential theory

calculation.

16
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Haif the sink strength of a sing,.[arity is equ,_l t_, the, /24

velocity component induced perpendicu[a; to its surface. Thu-,

the sink strength of the jet is identical with twice the velocity,

at which air is drawn into it. The distributions of the frce jut

and wall jet inflow velocities are given in Fig'ires 9 and I0.

The extents of the singularitic:s nt_ber 7, 8, and 9 are determined
i

by the separation length of the wall jet, shown in Figure II

as a function of the wind velocity and the nozzle Mach number.

1 3. ].3 Calculation of the recirculation vclocitic_

The velocity vectors of the secondary flow field of a

k single lift engine blasting vertically onto the ground have been

calculated according to the potential theory method with the

boundary conditions measured in Appendix 9.4 and 9.5. For this,

v the integrals appearing in Equations 9.45, 9.47 9.51, 9.52,
9.58 and 9.92 were solved numerically with an electronic

computer using the Simpson method with a step width of 0.2.

The velocity vectors thus calculated were plotted, with computer

assistance, on a Graphomat. For reasons of computing technology,

the variable source strength q(y) of the free and wall jets

were not inserted as polynomial functions into the potential

equations, but were treated as constant values for each section.

The exhaust gas Jet parameters in the computer model were

selected on the basis of the nozzle values calculated in

Appendix 9.1 for the RB 162-31 engine. The Jet temperature

must be changed, however, to the value obtained in the model

experiment for which the si_k distributions were determined.

The secondary flow field was also calculated for the modern _._
two-shaft Rolls Royce RB 202 lift engine, although the bo_ _

conditions for this two-shaft Jet _ze estimated from the _

velocities averaged for the primary and seconda_ Jetl, .(Pli_re s).i
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\
Figure 5. Rolls-Royce liB 202 two-shaft Itft engine.

The following table shows the various configurations for which the :_:

velocity field was computed.

Figure 12 represents the basic case for the secondary flow

of a single supporting jet. Here, in still air, surrounding

air is sucked into the engine intake, the free jet, and the

wall Jet. In the RB 162 the engine intake is some fcur nozzle

diameters above the nozzle plane. Flow into the inlet is attained

by a point sink in the intake plane and a point source some two

nozzle diameters b_low it. The source under the sink has the

purpose of slmulaCins the _nglne contour, wlth the resultln S

dipole flow. The volume flowing from the source to the sink

does not participate in the volume balance of the model. Tt is

only in.tended to produce a physlcally zeuonnble engine Intake

flow. The sink distribution of the llne sink of the free Jet

and the area sink of the _11 Jet is taken £zom thl _u_emeslts ' 21_.7-
across the i=i_._ vel_ittu (i!t;l_e 9.10).
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At a distance of 41 m from the jeL impact poinL, the _,J_

jut separated fron, uhe ground along a circular arc b=causc of

thermal buoyancy forces. At the site ot separation, the w_ll

jet has a thickness of about 4 m, so that the separation is

represented by a cylindrical source 4 m high. Its source

distribution corresTonds to that of a wall jet velocity profile

with the maximum value at the ground and the zero position at

4 m elevation. The volume flow moving from the cylindrical

source _o the outside must be equal to that injected by the

I intake, free jet and wall jet. As the cylindrical source sends
a volume flow both inward aL_d o_tward, but the inward flow is

not physically reasonable in the existing model, and must not

k affect the secondary flow, it is completely absorbed by a ring

sink which is 0.5 m inside the cylindrical source.

_, In Figures 13 - 18 the secondary flow field is shown

superimposed on a wind flow with velocity profile having _

reference values of 5, i0 and 20 m/s at 3 m height, accc_rding to i

Equation 9.144. While the engine intake flow, the free jet, and

Jthe surface covered by the wall jet going downwind remain

unchanged, the separation line running toward the wind is

deformed by the premature wall jet separation into half an

• ellipse, with the major semiaxis across the wind direction.

_ Now the two basic surfaces of the wall jet, the ring sink 8

_: and the cylindrical source 9 take on an elliptical shape in the

two quadrants turned toward the wind. Thus the angular distri-

_ bution of the singularities 8 and 9 becomes a function of _he

_!_ angle _ . At small angles the path of the wall jet is short

_ and the volume flowing out at the site of separation is correspond-

ingly smaller than at large an_les _ Furthermore the height of

the cylindrical source 9 also changes as _! varies. _ne

cylinder height must always agree with the actual wall Jet

thickness for the different separation lengt,hs.

i
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it pro_ed expedient to arrange the cylindrical _-our_ _ /'_"

about 20_ in front of the location of the separation lin_ :,high

was established in Appendix 9.5.8 through light section photo-

graphs of the maximum radial path of the wall jet, because the

flow out of the cylindrical source still runs for a certain

distance horizontally against the wind before it reaches the

location defined as the separation radius.

The minor influence of the sink strength of the engine

intake on the recirculation flow field was demonstrated in

Figure 14. Here, the entire engine and .ts intake sink is

neglected in the computation. This flow field differs from

k Figure 13 only in the nearest vicinity of the engine. Therefore,

in recirculation model experiments, one can reduce the realistic

sink strength of the engine intake, which can usually be attained

j only with great experimental difficulty, without falling into
serious error.

In Figure 16, where a nozzle Math number of 0.7 was used,

the sink strengths of the free and wall jet, for which there

are no measurements, have been estimated. Now the separation

point jumps back dangerously close to the engine. The rising

hot air now has only a very short path to traverse back to the

engine intake. Along this path it can hardly find time for

significant cooling. Therefore engines with low-velocity exhaust

gas streams are more endangered by reclrculation than those with

high velocity.

_ Increasing the height of the engine above the ground

(Figure 17) can affect the recirculation flow field only in the _ ,:

immediate neighborhood of the free Jet. Because its sink _.

i strength is quite small in cmaparlson to the wall _et, the %

i free now longer, has no lonK-rar_e effect on the secondary
Jet,

[[ air flowing around it. l_tbezmore the sink strength of the wall

! 20 .....................
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with greater nozzle distances.

Figure 18 shows th_ r=circulation flow field of the RB 202 /29

engine. Its high-volume supporting jet with its low specific

impulse has a short separation distance an_ is, therefore, one

of the configurations severely endangered by recirculation. In

order to attain a low overall height relationship, the math-

ematical model of the RB 202 differs from that of the RB 162 in

I having the engine intake one nozzle diameter above the level of

the nozzle and the point source for generating the intake dipole

flow only one diameter below the intake sink.

\
3.2 Recirculation Temperatures

3.2.1 Descript±on of the model for temperature _

/ calculation :_

Now we shall consider the calculation of the temperature

distribution in the recirculation flow field. In the recircula-

tion the hot gas wall jet separated from the ground is the only

heat source for the secondary flow. The hot free jet and the

unseparated wall jet do not contribute to heating the surround-

ings. The air about them which is heated by convection and

turbulent mixing is continuously sucked into them and carried

away with the jet. Warming of the air particles by radiation

from the exhaust gas jet is excluded because of the low

absorption coefficient of air.

In calm air, the rotatlonaUy symmetric wall jet separates R., i,_ __'._!"from the ground along a circular arc due to the predominance ot _.._,_,:_r

tthe thermal buoyancy I forces. The continued movement of the ."_._'":_,._'_;-,_,

warm air in the atmosphere is determined solely by the lift _i_i'_' .-,, _._". _.
forces and the injection effect of the supporti_ Jet. _n _ .......'....._"_

1 ....
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tha wind is blowing, though, the separation is fecr_'_db_, _:i:_ _

forces, the line of separation deforms into half an _llip_e.

and the further expansion of the separated warm air cloud contb-

ues under the prevai]ing effect of the wind flow. The math-

ematical treatment of the process is considerably simplified i:/

the fact that the elliptically deformed _eparation line (Figure a)

runs approximately parallel to the x axis in the vicinity of the /30

central section (y axis). In comparison to the rotationally

symmetric case, now, the blowing back of the warm air onto _he

I symmetry line of the recirculation flow process can be considered
j quite well as a plane process. The separation line is separated

by an infinitely long slot of variable width, from which hot

k gas exits with excess temperatur_ and the initial momentum. The

expansion of this plane hot gas jet into the atmosphere

is treated first in Section 3.2.2, completely isolated from the

recirculation problem considered here. The velocity, temperature,
'j

and width of the rising warm air flow are calculated without the

external wind effect and the sink action of the wall jet Only

in Section 3.2.3 are the results of this calculation applied to

the recirculation flow.

The calculation of the plane ascending flow with initial

momentum can also be evaluated simultaneously as _he mathematical

" description of the expansion laws of the hot gas fountains between

two wall Jets flowing into each other, which is not treated

in this work.

3.2.2 Plane _scendlng f_ow _ I

In the literature, theoretical investigations on ascendir_

flows are published primarily on polnt-shaped heat sources

I (rotationally symmetric _ue) for which, in a neutral atmosphere_

the movement of the air str_ occurs solely due to the buoyancy

! force. Sc_idt [57] has worked theoretically and experimentally

22

i -
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with the expansion process of warm air over point and lin _ou_ce._

in a neutral atmosphere. We have learned of other studies from

England, such as those of Rankine [48] and Rouse et al. [$4].

Morton [43], Priestley and Ball [47], Murgai and Emmons [45] and

Sutton [70] have set up more general theories on free

convection ever point sources of heat.
i

We begin with the equations given by Schlichting [563 for

the flows of mass, momentum and heat. x is the coordinate in

the direction of principal flow, (Figure 6), and y is the transverse

coGrdihate, u and v are the corresponding _elocizy components.

Continuity equation:

�• 0 (3.7) ,



Motion equation:

_y2

Energy equation:

_T _T _T x(62T �62-!!)(3.9)
O'cp'(_-f + u _-_ + v _-_) : 6x 2 6Y2 •

, For the present case of recirculation flow, this equation system

I must be simplified by means of certain assumptions. Thus, the
calculation is based on a steady flow, which is certainly a

great simplification of this highly turbulent flow process.

k B,t the results show that Lhe calculation with steady flow

determines the average flow parameter _ith sufficient accuracy.

The pressure nnd friction terms are neglected in the motion / 32

equation, and the heat conduction and radiation in the energy

equation. The potential temperature O and turbulent fluctuation

quantities are also introduced.

As shown in Appendix 9.3, consideration of all these

assumptions leads to the new equation system which applies for

plane turb:,.lent convective flow in the earth's gravity field

without wind:

Continuity equation:

_ _ (3lO)
_-_ ì�-0

Motion equation: :,

• i qj:i!

24
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Energy equation:

p(_ _@'+ _ _0' 1 _a ._ d@a
L7 _ ) : cp _y - p "------ -- ax . (J.12)

For certain assumptions about the velocity and temperature

distribution of the warm air stream, these equations can be

simplified and integrated. With simple free convection, in

which the gas moves because of an excess temperature, i.e.,

a buoyant force, according to Sutton [71] the velocity profile

I of the circular warm air stream can be approximated by a Gaussian
normal distribution

k _(x,r) : _(x).e -r2/b2 (3.13)

where Ux is the velocity along the axis, b is a characteristic

width of the upflow and r is the current radius. The integral .
'j

then yields the simple value b2.U. As Schmidt [57]has shown,

the temperature and velocity profiles of a line source without
initial momentum Js identical to that of the round source. The

Gaussian distribution function would, accordingly, also be the

proper profile shape for the line source. In the recirculation _33

flow considered here, the separation point at which the two gas

streams, the wind and the wall jet, meet each other is replaced

by a line source with initial momentum and excess temperature.

There have been no previous measurements of the velocity

profile in such a plane "fountain", and it is difficult to make

predictions about them.

In the further considerations, therefore, we assume a profile

of the type such that the velocity within the upflow is a constant

_, equal to the mean velocity Um(X ) . Outside, urn(x) - O. This

_ assigns a fixed width b(x) to the upflow (Figure 6).

I ..... '

: d;', ,
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The same conqiderat[nn applie_ tn the t;emperntllr( _rofil¢.

Although the exchange mechanisms differ for _;omentum and heaL,

for the present case of the plane buoyant flow the ratio of the

width of the velocir> profile to that of the temperature profile

is set equal to 1. Thus, we are calculating with a rectangular

profile, £or which:
i

-b & y _ �I

] u(x,y) : Um(X) I for x : constant (3.14)

O'(x,y): O'm(X)
J

\
The velocity with which the surrounding air flows into the

ascending flow at the edge of the jet is _b" According to

Morton-Taylor-Turner [44] the inflow velocity is proportional to
1

the mean flow velocity in the x direction, with the proportion- i

ality factor remaining constant.

7 b = ='um. (3.15) i

We can find _ values for circular warm air sources in the

literature. For the Gaussian profile, for example:

= 0.093 measured by Morton-Taylor-Tamer [44].

= 0.082 according to Morton [43].

= 0.I according to Murgai-Emmons [45].

For a rectangular profile: /34

- 0.116 according to Morton [43].

Now the integrated equation system (the integration is described y,.

in Appendix 9.3) is : %

; 26
{ h
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d
o

d--xum b - a'u m 3.16)
!

d 2 Om
d-'x' Um b : g b 0 k3.17)

a

' dO a

d o_ " _a'_-a_-_.g.b.UmT : -um b._. I (3.18)
' a

The recirculation flow considered here represents an initial

value problem• For x = 0, we have:

b : b0

k Um: Umo (3.19)

Om: Omo .

j

In order to obtain solutions independent of the initial values,

it is convenient to introduce dimensionless quantities here:

(Mx

: b° (3.20)

b

n : bo (3.21)
I/2

_. l; : 1/2" O' (3.22)
(b°'g) )o

/°;:Om

x =(_.qa) ( )o (3.23)

27 _
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Insertion uf Chute quantities into Equati(,n._ 3 16, ' I;' ' '.' _>-• J" 9 J, i''

leads to : '/-/-'--

d

a-_ C'n = _ (3.25)

d r2
, d-_ "n = n'_, (3.26)

d

d'-_"¢'n',_ = "Y'¢-n . (.3.27)
¢

I Now the initial conditions are:
For x = 0:

\
= o

rlo = I

,.,, ,_ = Io (3.28)

z; = Z;o .

The unknowns are:

rl Parameter for the width of the ascending flow

Parameter for the velocity of the ascending flow

Parameter for the temperature of the ascending flow

Y Parameter for the temperature gradient; generally prescribed.

Wlth the substitution

V -"n._

(3.29)

W,n._2 !
(3.30

Z • _.n._i (3.31) _

i 28 .........
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OE

z ( 3. _2)
k - 9,

w (3.33)
z;= V

, V2
r_ = _7- (3. _34)

we obtain the final differential equation system for the infinite / 36

] line source with initial momentum and buoyancy force:

V .dV
_-_ = W (3.35)\

W .dW = Z.V (3 36)dE

dZ
-- = -y.V (3 37)", d_ " "

Initial conditions :

= o

Vo = _o

Wo= %2 (3.38) I

Zo " {o " I

As H'61scher [29] has shown, exact solutions tG these equations

can be found for

y - o b 0 = 0 Um2.bo • o 8' _ om ;

and , - " - : _---

y " 0 t;0 = 2 n o = 2 I 0 • I . _ .

- / , .,,. ,, )t".,:v,t<,<%:_;.
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The first case rcprcsc_Its a linear :3ourcc:in th: n'cutra]

atmosphere, for which the width and momenttml are equal to zero

at the origin. There is only one heat flow at the origin, _hich

generates a buoyant force which sets the air into motion. In th_

second case, the line source has a very definite average initial

velocity um at arbitrary b o and O' General solutions" mo

' of the differential equation system can be obtained through "_"

numerical integration by the Runge-Kutta method. The calculation

was done on an electronic computer for various values of y. For

I the value of practical interest, y = O, the results are sho_ ,'.37
in Figures 19, 20 and 21 for variable initial parameter _o "

k For the initial value _o>I the velocity _ first decreases

sharply and then approaches a constant value asymptotically.

As _o increases, the constant final velocity and the width of the

transition region increase until the final velocity is reached.

For _o<I the velocity increases until it reaches the constant

final value. The width of the upflow grows linearly with the dis-

tance from the source and, at a given point, is greater for high

values of Co than for low ones. The excess temperature in the

upf_ow falls according to a hyperbolic function. The lower

temperature drop at larger initial velocities causes stronger

buoyant forces in the rising cloud, so that the constant final

velocity is also greater at high _o values. At large _o values

the upflow reaches a certain distance from the source sooner than

with low initial ve'>cities. It has less time for turbulent

mixing with the outside air, so that for the same initial temper-

atures the faster warm air stream always has the higher temperature.

3.2.3 Ascending flow in the recirculation flow field

Now we shall investigate the ascendin8 flow in the r .
recirculation flow field. At the site of separation of the wall :_

: Jet the warm air flows vertically up_mrd, is caught by the wind, l_[[

i30
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turned into thc J1_cct_on of _" wlnd, and _L...._

Then the cloud of warm air fiie_ over the wall jet movin_ toward

it, is sucked in by its sink actiop, and for the most part,

consumed. This prevents penetration of ambient air into the

underside of the hct gas cloud. To make possible a theoretical

description of this complex flow process, we shall greatly

simplify the recirculation proce_- for further consideration so

that the injection effect of the wall jet on the underside of the / 38

warm ai_ flow is neglected. The recirculation f|ow is considered

! to be an ascending flow with initial momentum, turned in tbe
direction of the wind.

k This phenomenon can be observed at any smoking chimney on

a windy day. The smoke cloud is turned in the direction of

flow shortly after leaving tile source. Investigations of this

turbulent expansion process have been made, particularly in relation

to dust and waste gas concentration at the ground in the direction

of the wind. Let us mention here, particularly, the works of

Keffer and Baines [34] and of Bosanquet, Carey, Mech and N_]ton

[4]. They attempted to determine the path of the _moke cloud

theoretically and experimentally. The formulas stated there

show how complicated the whole problem is. These publicatlon_

are concerned with smokestacks which can be considered point

sources. The make no st&tements about the temperature fields in

th_ clouds, which are particularly interesting in relation to

recirculation flows.

On the other hand, Rankine [48] has experimentally determined

temperature fields behind linear h_at sources across which the

wind is flowing,. Let us give some of his most important results -_

here : ;_'_+

+ 31 .
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* U_...I_I-_ , _IL+.- l..._...+l£tl-J_.-.L(-tl... UL _- lJ'JUi_*,_++ _ _, '_'_ •

grows with the distanne from the heat source, thu maxim' r_

temperatuce decr+_ases, and the teE.perature maximum moves to

greater heights. This means that the warm air clou@ bucomc

wider in the direction of wind flow and rises.

If the wind velocity is changed, then at a point

y = constant, the temperature boundary layer becomes smaller the

greater the velocity is. Correspondingly, the ma+.imum temperature

1 is higher. But this means that the time during which the turbulent

mixing with the outside air occurs is very importapt. This agrees

_ith the results for the ascending flow calculated previously. At

k a high initial velocity _o the temperature was higher than at

low _o at an altitude _ = constant.

The recirculation flow under consideration differs in / 39

important points from the flow which P_nkine studies Because of _

the presence of the initial momentum, we cannot deal with pure
m

thermal convection in the reci_¢ulation flow. i

In spite of this complex flow process, we shall state h_- |

a simple method by which the state wlthin the recirculation c_oud |

csn be calculated. Assume that the mechanism of turbulent mixing

of the warm air cloud _'ith the surroundim_ air under the influence

of wind is the same as without the wind. This is ce_'_alnly the

case for the low wind velocities which we are considerin E. After

the same times, the state of the warm air cloud risin E in calm

air is identical with that o_ the cloud! in the wind. Then, with

y the coordinate in the wind direction, x the coordinate in

the direction normal to that, um the velocity in the x direction

and w the mean wil_ velocity (Figure 7):

dy • w.dt.i (3.39) :_
:++L-+_ !/_

, 32t 2_++:.
+ +++* +,_ + ._++ _+ +++_++ +:+>+_+++; + + m'-'- + '+_++ . . , , ++ ++ + +:+' +_: + +++.+.+p++_,,- +++_.+++_,_,+_+_ + _p+ ++p
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M i I .
lJlJJi_i_,ii,, , ,

Figure 7. Coordinate system of a plane warm air source with
a wind blowing across it.

If w is a constant value, then with the coordinates of Figure 7,

y = w • t.

The time for the vertically rising clou_ to move from /40

the source to coordinate x' can be calculated from i
dx

Um(x) = _-_ !
(3.40)

dx
dt = --

Um(x)

t = Xidx-E'--- •Um(x ) (3.41)
0

In the same time, the cloud in the wind moving with velocity w

reaches the coordinate y'
K'

y' = w. ( dx . (3.42)
Um(x)
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In this way, ever], point y in the winH dir_,cti(m i," ;_<-.i;T_-_ _

state of the vertically rising cloud without wind. For the

practical calculation, the recirculation velocity W(y) and th¢
time t required for an air particle to move from zhe separatioF_

point R along path a with the recirculation velocity W(y) to
the engine on the z axis are determined by means of the

recirculation flow pictures, Fioures 13 to 18.

W

t = "(_!_ . (3.43)
S

In this time, a rising thermal cloud moves with the velocity

Um(x) along the vertical path distance x'
k

X' - Um(x) (3.44)
t

and at this position it has the same excess temperature as the
{

recirculation flow at the height of the engine. In this way,

the recirculation problem is reduced to the expansion process

of the plane ascending cloud rising vertically, calculated

in Section 3.2.2.

3.2.4 Calculation of the recirculation temperatures

Now the temperatures of the recirculation flow fields can

be calculated with the aid of the formulas developed in the last

two sections. As the temperatures near the engine are the most

inter=sting, the followimg example shows the calculation of

the average excess temperature on the z axis.

We choose engine configurations with a nozzle Mach number

MO = I and constant H/D - 3. The ambient temperature

8a_ 288 ._K. Fro_ the model experiments we take:

The separation radius R, treated here as the beginning of

separation, which is about 20Z ahead of the values plotted in

34
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F[gure 11.

The maximum temperature 0 of the wall jet at th_ point ofmax
separation, according to Figure 96.

The mavimum velocity Uma x of the wall jet at the point of

separation, according to Figures 98 and 99.

The thickness h' of the wall jet at the site of separation,
J

from the ground up to U = O, according to Figures 87, 88 and 104.

The mean recirculation velocity W between the point of separation

and the engine, taken from the flow pictures in Figures 13 to 18.

The averages of the temperature and velocity are taken

by planimetry of the temperature and velocity profiles of the

wall jet as far as the velocity zero point, and establishing a

rectangular profile of the same area.

, The first table shows the parameters which can be determined

from the studies which have been done. The calculation and its

intermediate results are shown in the second table.
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To calculate the equation /43

|

_:SO Si

_o - _bo.g . 0 m (3.22)i o

the quantities um , b° and _ must be determined• 0a , theo
poLential temperature of the surroundings, is set equal to the

actua] surrounding temperature 0' is the average excess temper-" m

ature of the warm air in relation to the surroundings, um is

the average initial velocity of the rising warm air. In o the

present example, it is the vertical component of the wall jet

velocity after separation. Here it is assumed that it is identical

\ to the average wall jet velocity um before separation, b o is
half the initial width of the rising warm air stream. Here, the

wall jet thickness h' before separation is chosen as the initial

width of the warm air. The following rough calculation confirms

these assumptions :

In the first configuration of the example the separation

radius R = 17 6 m, the wall jet thickness h' = 1.7 m, the•

mean initial velocity um = 6 m/s. The rising volume flow
O

e

V_ 2_R.h' = 113o m31s
"Umo

According to Section 3.1.3, the volume flow for this conflg-

uration must be equal to 1,300 m3/s at the point of separation.

As the two volumes differ only insignificantly, we can set:

2.b o = h'., (3.45)

The parameter = for the plane low velocity free Jet is determined

by means of the velocity profile published by Lien [38] for

plane cold gas Jets and the inflow velocities given there. For

we obtain values between 0.103 and 0.I07. As a l / ii,i  :Titit

=

, "'3k' •
• , .,:,,;;,'$..

' _ ' ' ' " : "" ' ::,, ..... .. , " ' ".-.;1,._. ' _, w
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reduces the ratio of the inflow velocity to the mea[_ ]L_t

velocity somewhat (Figure 9), a slightly lower value is s=l_ttcd

for the recirculation flow:

= 0.i0.

' The value stated by Morton-Taylor-Turner [44], _ = O.llb,

does not appear suitable for the er_mple being investigaLed.

The expression

- _'X t
b (3.20 _
0

contains the height of rise of the warm air cloud, x' (Figure 7).

For the calculation, we first determine the time t required for

an air particle to move from the point of separation, R, with

the mean recirculation velocity w, to the engine on the z axis.

In this time, the warm air flow moves the vertical distance x'

while maintaining the ascending velocity um. !

Now, with the quantities _o and _ known, the value of 1 !

is read from Figure 21. From the relation

!

X : 0 m/Sa, (3.23)
(8'm/Sa) 0

we can now determine the desired mean excess temperature 8' of
m

the recirculation flow in the vicinity of the engine.

In order to show L_at the calculation gives almost the same

temperatures in the model and the full-scale design, the results

for both engine dimensions are compared in the table.

Now we shall check whether the assumption made in Section

3.2.2 about the order of ma&nitude of the par_meteE v for the

temperature gradients of the surroundings is also Justified

• • _ . 6\, .:..1.,,.. : 'r. b-7. "._i._.:' .. _. _'_7 %:_ _ ,_,"" ' ..". '_..":-"• "._r,..''- _'_ _
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for the example under study. According to Equation J.2_,

1 dO bo
Y : -6-'d--_" " (3.24)

a a. (@'m/@a)o

,,x is a measure of the stability of the air stratification. We / 45

shall select the mean value for the ICAO suandard atmosphere

(neutral atmosphere)

-- : -o 65 °CIIoo mdx '

I
With the other values listed in the two tables we obtain

k -o,ooo93 < y < -o,oo226 .

Therefore the assumption we made, that y = 0, is justified.

/

4. Experiments

4.1 Experimental design and measuring technology i

The VTOL supporting let studies were pecformed on the i

ground-effect test system of the DFVLR Institute for Ai_-Breathing

Engines at Braunschweig (Figure 8). The test system, which is

described in detail in [13], is in a large room, i0 x 20 m, 1

which can be moved on rails. A single model llft engine blasts

vertically downward onto a platform. In order that the results

would not be falsified by the ambient temperatures with long

blast periods, all measurements were always done in the open air

with the room rolled away. Thus, even with a wind machine

blowing against the reclrculation flow field, no disturbances

could occur from the adjacent room walls. _i

39
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I
Platform

_ _j_.___,. __.___ ! Light plane projector
....._ ...._-_,_--_-_r'--r-T.Probe rack

tion
cnamDer

Engine model

F£gure 8. Ground effect test system,.i
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At the engine intake, a compressed air-driven _ i,,ctc_r _,,_ k_

in air and blows it away from the test stand into the open c_ir.

The sink effect of quite different lift engine ntakes can be,

simulated with the ejector suction system, consisting of a primary

nozzle, secondary air chamber with a controllable suction line,

mixing tube, Venturi nozzle and diffusor. The ejector works with

a critical pressure ratio on the primary side, and is supplied

from a rotary piston compressor (m = 0._ kg/s, dP = 1 bar).

The bypass ratio of the ejector can be controlled with a con -_

1 tinuously adjustable iris diaphragm in the suction tube.

The air for the exhaust gas jet was supplied by a rotary

k piston compressor which supplied up to 1 kg/s at a maximum

back-pressure of 3 bar. The air was led to a combustion chamber

through a segment i0 m long (113 mm inside diameter). There it / 47

was heated by burning of JP i. The air throughput was dete_nined
J

by means of a calibrated diaphragm in the tube ahead of the

combustion chamber. As one section of the compressed air lin_

between the compressors and the model consisted of flexible steel

hose, the lift engine, with its entire ejector and combustion

chamber system could be moved upward smoothly by hydraulic power.

The wind effect on the ground effect was simulated by a

high-volume blower (V = 20 m3/s). The blown air moved through

a jet guide system with several flow directors, arlving at the

engine model platform without twist. As the blower, driven by

a synchronous electrical motor, had no cor,trol of the rotation

rate, the wind velocity could be changed only by blocking the

intake cross section of the blower with throttle rings of different

sizes.

All the recircuiation tests were done wlth two differe=t

engine models. The two models differed only in their heisht.

While Model 1 (Figure 24) had a total height of 7 nozzle diaaetersp

F

i "
[

F
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Model 2 (Figure 25) attJined a height of 4 nozzle diameter_ through

adept design of the suction line. The extremely short dimensions

of the RB 162-31 engine, with a total length of 3 nozzle diameters,

could not be realized with a model of this type, with separate

sir supply lines.

The temperature at the engine intake was measured with

nine 0.5 mm thick Ni/Cr-Ni thermocouples distributed across the

intake cross section.

The VTOL supporting jet was visualized with the light section

method (Figure 32). For this, a non-burnable powdery contrast

agent (s_licon dioxide) was blown with compressed air into the hot

gas line. It colored the supporting jet white.

A 6,000 watt light plane projector (Figure 26), during the /48

darkness of night, radiated an arbitrarily selectable plane only _

a few millimeters Lhick over the entire flow field, so that an

observer standing perpendicular to it could see the flow conditions

in this plane. The deflection of the wind flow by an opposing

wall jet and the flow directions in the secondary field were also

visualized with the light section method. A contrast medium

(silicon dioxide) with particles which were large, but which

had a negligibly small sedimentation rate, so that they could

follow the movements of the flow without inertla, is blown into

the secondary flow field, making the flow visible in the light

section. The flow was photographed with exposure times of _15

: second, using a sensitive camera (Ii/0.95).
,?

In the seconda_ 7 flow field, velocities were measured with

temperature-c_q)ensated hot flhn transducers, workin K by the

constant temperature method. In the transducer, there is a

81ass wire stretched between two points. The wire is 3 um long
and O.15 mm thick, coated with a quartz film and then coated
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with vapor-deposited qunrtz. This type of transducer was .-._.tl_L{,!

for velocity measurements of Mach 0 to l, and can be exposed L_,

excess temperatures up to 400°C. The temperature cempensation i_

done with a resistance thermometer in the transducer socket,

so that the _;ire temperature is always maintained at 2300 above

the ambient temperature. Temperature and velocity fluctuations

with time were measured with UV-light recorders and storage tube

cathode ray oscilloscopes.

I The measurements were plotted fully automatically by means
of a digital data processing system which interrogated the

measurements at a rate of 5 measuring points per second, and

recorded them on punched tape. The evaluation was done in the

computer center of the DFVLR, Braunschweig, with a Siemens 40004/A5

computer.

_/ 4.2 Measurement of the recirculation velocities /49 -'_

Velocity measurements in the recirculation flow field of

lift engines require a great expense for measuring technology,

because it deals with highly turbulent hot air streams in which

the velocity and temperature fluctuations can even exceed the value

in the principal flow direction. The impact pressures of the

recirculation flow are on the order of only a few mm water, so

that pitot probes are unsuitable for velocity measurement.

Furthermore, pitot probes are directional, and would have to be

pointed in the main flow direction for measurement; but this is

usually not known at all. Because of its high degree of turbulence,

the recirculation flow at times blows obliquely even on those

pitot probes aligned in the main flow direction, leading to

erroneous measurements. Because of the temperature variations _ '

which occur, hot wire probes are not suited for velocity measure-

ments in the recirculatton flow field. Furthermore, the lifetime

of such probes would be v_ry limited because of the unclean - =__. -_
/
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engine exhaust gaa mid Lhc parLi_[ea Lor[[ up fro,ll Lhc 4cuu_l(i i,\

the wail jet, transported in the flo_v field, and throw,, a_,,_t]n_t

the hot wire. In these studies, tl_refore, temperature-compensattd

hot film transducers were used. They are mechanically stronger

than hot wires.

The velocities in the recirculation flow field were measured

at certain points in the y-z plane with hot fihn transducers

(Figure 28). Because of the high turbulence, 40 successive

] measurements of the instaneous velocity were made at each
measuring point. The arithmetic mean

N

and the standard deviation

_j

s (xi=_)2 :

-
were calculated. Figures 28, 29, and 30 show x and s. In

these experiments, the mass flow sucked in at the engine intake

was always kept equal to the aozzle mass flow.

A-striking feature of the recirculation measurements is

the high turbulence of the flow, which appeared with velocities

in two different frequencies, once as a fluctuation above I0 Hz

and then again as a low-frequency fluctuation below I Hz. The

velocity fluctuations recorded by a hot film probe in the re-

circulation flow field are plotted as analo 8 values versus time

in Figure 31. Measurements become problematical where the turbulent

fluctuation velocities in the main flow direction exceed the mean

velocity, so that the local velocity changes Its sign. Due to

their construction, hot wire probes measure the velocity without

sign, and do not differ between foz_mrd and reazw_d aiz movement.
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The experiments established that a change in _i_n ol the

local velocity due to the high turbulence occurred only ill th_

case without the wind blowing. Here it was impossible to dctcrmi_,

the mean velocity through hot wire measurements alone. Only

measurement of the impact pressure yielded the true mean, which

WdS almost half as large as the value from averaging all the hot

wire measurements without considering the change in sign.

The flow directions at the measuring points were determined

with wool fibers and light section photographs (Figure 36). The

light section photographs explained the physical process of

recirculation particularly well. The engine waste gas jet is

marked in Figure 32, while the wind remains unmarked. In Figure / 51

33, contrast powder is blown into the lowest layer of the wind flow

while the exhaust gas jet remains invisible. The course of the

boundary line between the wall jet air and the wind, which c_n

be read from the photographs, is different with the two marking -:_

methods. For instance, when the wall jet is marked, the line of

separation describes a higher arc than with the wind marked.

The cause of this is the turbulent mixing of the marked and

unmarked air. The visible boundary llne is the outermost course

of the turbulence balls from the marked flow which penetrate into

the dark flow. The visible boundary line with the wall Jet marked

" and the wind unmarked has the greatest predictive power for

recirculation studies, because it describes the maximum height

to which the air heated by the engine Jet can arrive. If the

_ engine intake is below this line, we must expect a temperature

rise due to recirculation. If the intake is above it, only

_ cold surrounding air is drawn in. The measurement of this

_ teaperature boundary line is described in Section 4.3.

In the measurm._ents, because of the test system, there was

a deviation of the recirculation flow o£ the model from the

original flow. This was due to the fact that the profile of the
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wi.d vulo_iLy from the blower " .... ' "_ " ,u_uvp_ off :.-.,_,, ir,_ ..... ;,, I.. :_i,:.

and increasii_g distance [rom the middle plane. In the mo..t¢ 1

tests, the recirculation flow Lines described wLdcr arcs, ,.,hJct_

did not confirm the calculation (Section _.]. _). FLows directt,!

upward were _eflected tess strongly at greater height bLcause

the wind was falling off Less there, so that they could ri_c

higher.

A second effect, cmusing even more error in the recircula-

tion measurements, occurred particularly at low wind velocities.

the wind profile, dropping off transversely to the middle plane,

blew with a lower velocity against points at the side of the

"_ wall jet than against those in the middle. Thus, in these

marginal areas, the flow length of the wall jet increased up to / 52

its separation. The separation line took on rather a straight

course instead of an elliptical one (Figure 37). this form of

the separation line n_,de possible ransport of wa]l jet air

toward the central plane, which then increased the flow .:

velocities in the plane of symmetry. This cross flow caused the

high recirculation flow velocities at great distances above the

ground. These were almost twice as high as .'_e wind velocities

prevailing at this height. This, too, contradicts the calculation

(Section 3.1.3) because the r,_circulation velocity can be only

slightly greater than the local wind velocity.

These errors in the recirculation measurements would not

occur if such tests were performed in an appropriate wind tunnel

with a rectangular velocity profile.

4.J _asurement of the recirculation tea_eratl£res

In the recirculation flow field and at the qine intake_

the temperature was measured _th 0.5 _ thick NtCr-Nt therao- _

• couples. The a_asurements _re repeatedly interrogated by a data __

46
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proccsszng syst .... ,_,,_"_ g , ...... _ ......_- _ '
)1 "a recorder, so as to learn the turbulent temperatur_ f_Jct_.iat_ons.

The averaging and calculation of the standard deviation followed

the equations given in Section 4.2. The results of the t_mpcratur,_

measurements in the recirculation flow field can be seen in Fi4urc-.

28, 29 and 30. Figure 38 presents a recording of measurern..e,:Ls

' obtained with a temperature probe moved in the recirculation

flow field by means of a probe moving device. These temperatures

were plotted ver_ds time and path.

J
In Figures 39 and 40, on the other hand, the temperature

is plotted only versus the path. The boundary line between t_

k recirculation flow heated by the engine jet and the wind blowing

at ambient temperature can be seen most clearly with this / 53

presentation. This recirculation boundary lina was defined as

the location wheru the temperature profile has dropped off to i0
j

to 20% of its maximum value, finis separation line is identical

with the visible bo_mdary between the marked wall jet and the G

dark wind air on the light section photographs (Figures 34 and 35).

_ It can, then, be determined without temperature measurements, sole-

_ ly by marking the engine jet and illuminating it with t _ light

plane projector.

_; Measurements of the temperature pzofile of the recirculation

_ cloud on the z axis in height above the engine were done at a wind

_ velocity of 14 m/s, although for technical reasons it had to be

:_ done 200 mm in front of the central axis of the engine. It

'_ establish.-d that the temperature profile for both engine models

increased to its maxi.rJm value some 6 nozzle diameters above

the ground and then graduallydecreased upward to the value of

the ambient temperature. The temperatures averaged over a period

of 30 seconds, and the maximum values which occurred, are plotted

versus temperature in Figure 14_. From this presentation _ can

see clearly that engines with c_ressor intakes low a_ove the

47
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ground suck in warmer regions of the recirculation ctoud and arL_

therefore more endangered by recirculation than those with h[_h

intakes. In Figure 42, the recirculation temperatures measur_+d

for various nozzle temperatures are plotted for the maximum of

the temperature profile, in the plane z = 6D.

For both engines, the engine intake temperatures were meas-

ured with thermocouples in the intake plane. Figure 43 shows a

temperature curve recorded over thirty seconds in this way. In

1 contrast to the intake air temperatures of lift engine arrangements
with which fountains occur, the temperature distribution in the

intake plane is quite even with wind recirculation. There is

k only a slight increase in temperature toward the windward side.

As the flow line pictures (Figure 12) suggest, configurations /54

without the wind blowing show no increase of the average engine
t

intake temperature. If we superimpose a wind velocity on the flow

field and compare the corresponding configurations at the wind

velocities studied, then we establish that the temperature rise

at the engine intake due to recirculation increases as the wind

velocity decreases. While practically no excess temperature was

!measured with a wind of 20 m/s, the mean temperature rise for

the configurations susceptible to recirculation was about 7°C

for a 14 m/s wind and 10°C with an 8 m/s wind. The position

of the temperature boundary llne provides the explanation: At

low wind velocities, the temperature limit of the recirculation

flow is higher above the ground. Correspondingly, the

maximum in the temperature profile also shifts upward, reaching

or even exceeding the height of the engine intake.

I

_+ The mean intake temperatures of Model 2, with its low +
+

_t height ratio, differ from those of Model I in that they are +%

higher by about 3"C _n the Model I ¢onfIEuratlcms, which are ...._

susceptible to recirculatlon. This is because the intake for

• _+ J +,.4,$i.'"_+ ,,._- _ + , +- +...... l, +'+#+,+_,_ _1_ _. ' " " f'+" "':":_''" " "*" ( '"_'' ....
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Model 2 was icwer u,dcr tht t_I.p_=1-_Lur_buuL_d,_v [i_L_ <_1_d_,.,

sucked in warmer regions of the recirculation flow. For _om_-

configurations of the Model 2, severe temperature i_icrease_

occurred in the intake, while Model ] s}, d no recirculation

for the corresponding configurations. These w_.uld be the

recirculation limiting cases, in which the intake of the high

, engine model was above the temperature boundary line, while

the flat-designed engine model was already washed over by the

heated recirculation .loud.

I 5. C_omparison of the theoretical and experimental results / 55

\
\ In Figure 44, the calculated velocities of the secondary

flow field from Figure 12 are compared with the measured velocity

vectors from Figure 28. They agree well with each other in

magnitude and direction. At this configuration, recirculation

flow v_ich wo_id increase the engine intake temperature cannot

occur. The hot exhaust gas jet has no effect on the temperature

of the intake air. The lifting engine draws in only cold surrounding

air.

All the other configurations investigated witb wind effect

cannot be compared with each other so simply, as here the exper-

iment is detectably falsified by the mass transport to the symmetry

plane described in Section 4.2. The wide arc of the recirculation

flow lines after separation, shown by the measurements (Figures

29, "_0) do not describe the calculated flow lines (Figures 13 to 18).

This gives rise to the idea of seeking a deficiency in the test

design as the cause for the course of the flow diverging from the

,;heory. Nevertheless, the flow pictures show clearly that the

_ wind velocity impresses itself predominantly on the recirculatlon

_, field, and all flow velocities are of the order of magnitude of %

the local wind velocity. After separation, the wall Jet air

is caught up by the wind, turned back sharply, and drawn in

i 49
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again by t11_ wall jet.

In summary, we shall emphasize here that only a steady

laminar isothermal flow field is calculated _ith the potential

theory model. This is not identical with the actually highly

turbulent and heated recirculation flow. Conclusions about

' turbulent mixing processes, such as the deter:nination of the

boundary line between wamn wall jet air and cold wind flow,

obviously cannot be drawn. But the experiments confirm that

I mean turbulent velocities and their directions in the recirculation
flow field agree with those calculated theoretically. The math- /56

ematlcal method is able throughout to determine the principal

k flow which is important fo_ understanding of the recirculation

process and fundamental to the complex flow field. In addition

the calculation can also indicate clearly the parameters which

have the greatest effect on the flow picture.
_j

In Figure 42, the temperatures of the recirculation cloud

at the height of the engine central axis are compared with the

results of the calculation in Section 3.2.4. The agreement of

the computations with the time-average measurements is very good.

While we dealt with averages of the entire temperature profile

with the calculated 0' values, the measurements are temperaturesm
at the profile maximum, so that they are slightly greater.

As there is a drop in temperature at the engine intake

from the upwind to the downwind sides, the temperatures 8'm

calculated for the configuration under consideration could be

considered as representative temperatures for the whole intake

plane for computing the engine thrust loss.

/

The temperatures measured in the intake of the Model I _

engine are compared with the calculated values in Figure 45. , ,

Here, too, there appears a good agreement between the theore_:_,_:_ i-.-,
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and the experimental resu_us. This might provide cbe prvvf LildL

the theory set up here provides quite accurate data on the r{-

circulation temperature occurring at the engine intake.

Figures 46 and 47 provide diagrams for the practical

person. From these figures, he can read the results of the

recirculation theory directly in the par_mpters of interest to him.

By means of Figure 46 one can judge whether the engine configuration

being studied is endangered by recirculation. The upper limits of

1 the recirculation clouds visible on the light section photos
at the height of the engine center axis are plotted versus the / 57

wind velocity in this diagram. Engine intakes arranged high above

k the ground are always less sensitive to recirculation than those

with low intakes. Only at low wind velocities could the temper-

ature boundary line rise above high engine intakes, bringing

even such configurations into danger from recirculation. No effect
J

of the nozzle temperature on the course of the boundary line

could be detected. If for a certain configuration the point of

intersection from the normalized ground distance, z/D, of the

intake, and from the wind velocity, is below the curve plotted

with the appropriate engine parameters (Nozzle Mach number and H/D)

then we have an engine arrangement which is susceptible to

recirculation.

Now the temperature rise which occurs can be taken from

Figure 47. Depending on whether we .have a H/D configuration

in which the jet core strikes the ground o_ not, one moves

up in one of the right-hand columns above the nozzle Mach number

Mo to the prevailing wind velocity w. From this ordinate value,

one now draws a straight llne to the origin in the left half of

the diagram. Now the mean intake temperature rise can be read

above the nozzle temperature.

%
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I

The qu<stion of how _'_,.ctrans_'_ pc,_b _,........._,_,_-, _,h

certainly must affect the dynamic behavior of the lift engine,

can be calculated must remain open, however. From the measure-

ments, they are not directly proportional to the means.

The calculation of such temperature fluctuations will probably

be successful only with better understanding of the turbulence.

6. Su_,mry

1 The physical process of wind recirculation was treated in / 58
l

detail. This type of recirculation flow will appear more

seriously in future VTOL aircraft. It is favored by the present

trend in engine development to jets with more and nore volume

and lower specific impulses.

For a single engine blasting vertically onto the ground, the
'j

mean velocities of the three-dimensional recirculation flow

generated by wind were calculated by potential theory. Average

recirculation temperatures were determined by using the expansion

laws of warm air clouds. These were tested and confirmed

by model measurements. The velocities and temperatures at the

engine intake plane can be predicted with sufficient accuracy

by the process described if the wind velocity, engine geometry,

and nozzle conditions of the exhaust gas jet are stated. Treat-

ment of the wind recirculation as a potential flow is a_ owable

because it can be demonstrated that the kinetic forces o_currlng

in the secondary field are always more than an order of magnitude

greater than the thermal forces.

The investigations of the recirculation flow field led to

the following results :

For a single VTOL supporting Jet, no reclrculation can -_! ,-_

occur without the wind blowing. ....+_
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Th_ course _ the _ ......... _ ..... _ ..... +..... ': .... : "+" ': •

the light section method, is a suitable criterion for ]udeinx

whether warm air can arrive at the engine intake through recir-

culation flow.

The recirculation velocities induced from a rotational]y

' symmetrical exhaust gas jet differ only slightly from the local

wind velocities, which prevail over the entire flow field• On

the other hand, the recirculation velocities of a plane engine

I jet (series of engines) can amount to a multiple of the wind
velocity [60]. / 59

k Wind recirculation to the engine intake is favored by:

Low wind velocities

Engine intakes arranged low above the ground

High exhaust gas temperattlre
,j

Low exhaust gas velocity.
,+

Aids against wind recirculation:

While the aircraft nmnufacturer can avoid fountain

recirculation through design measures in the airframe and

through suitable engine arrangement, he is largely powerless

against wind recirculation.

There will be no jet engines not sensitive to recirculation

which will accept an increase in temperature of the intake air

without thrust loss as long as vertical takeoff aircraft use

air-breathing engines. In any case, it is possible to develop

engines which will "endure" the uneven intake condition (inlet

distortion) without severe power loss. For recireulation reasons,

the Jet engine would have to exhibit a low exhaust gas temperature

_ at the same time as a high speclfi¢ impulse. But such a solution

is excluded by the theraodynaniC+¢yC!e. _.__ines with his_
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specific impulse but simultaneously high ex_a1:_t ,,:_< t_ r_ll_r._l!_,-,

encounter environmental protection m_asures becaus_ of thL]J

greater noise developmL_t.

Probably there remains only the possibility of avoiding

dangerous wind recirculation oy appropriate takeoff procedures.

, The R/VTOL procedure (rolling vertical takeoff and Landing)

described in [52] would be conceivable. In this procedure

the takeoff and landing could occur with a tail wind and a

horizontal velocity of the aircraft which would have to te

equal to the mean wind velocity. This horizontal velocity,

which the aircraft would generate itself, should keep the

k warm air clouds moving over the ground away. The aircraft would

need to assume this velocity only in the very lowest takeoff / 60

and landing phases near the ground (perhaps up to 15 m altitude)

and that could hardly injure the advantages of VTOL equipment.
j

/

Dipl.-Ing. Eckart Schwantes

Institute for Air-Breathing Engines

German Research and Test Institute for Aeronautics

and Astronautics, Braunschweig.
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Figure 9. Inflow velocity of the free jet. Temperature and
Nech number influence.

Figure I0. Inflow velocities of the wall jet. Tempe_atuze and
H/D influer_e.
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Figure 13. Calculated velocities in the y-z plane of the
recirculation flow field of the RB 162-31 lift

J engine. Mo = I, H/D = 3, W = 5 m-/s "

G Separation radius of the wall jet.

r-
l

/

$;

;0 $ 0 5 lO tS _ 410y m _S

Figure 14. Calculated velocl_les in the y-z plane of the
recirculation flow field of the PJ3 16;21-31 lift engine,

without intake sink. Mo - I, H/D - 3, W - 5 m/s.
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k Figure 15. Calculated velocities in the y-7 plane of the recircul-
ation flow field of the liB 162-31 lift engine.
M° I, H/D = 3, W = 20 m/s

F ,ure 16. Calculated velocities in the y-zplane of therecirculation flow field of the P_ 162 31 llf_ _: g1_ne.

Mo - 0.7, H/D - 3, W = 5 m/s. [rL t ._ F, . "
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Figure 19. Velocity of a plane Figure 20. Width of a plane
_scending flow as a function ascending flow as a function
_f the height, of the height.

\

o

Figure 21. Temperature of a plane ascending flow as a function
of the height.
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Figure 24. Engine model i._
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Model height

Nozzle diameter = 4 -_ Suction ring Thermo_ou- l.e

; _ ' _'Suction tube

_-:---rf I _ \ ,,_----_] gas tube

] _------J- NnT_,i _ i , ' 'S_atlc pressure llne
l 1 ........ / !Thermocouple
[ IFree let ] 1

k Wa_J .i / ____.
Promabest

Figure 25. Engine model 2.
'j

¢"- I

\

Q

t

Figure 26. Light plane projector to visual!:_ flows.
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Figure 30. ,/o

Velocities and excess ,-z. 7f. ,,- ,,- I o.---i "--
I _.'_ t

temperatures measured in the L_.-e J
y-z plane of the recirculation _ ,6" "_,"_- _ _ -"'"
flow field.

- _T_ TM ""--_'-"<" _,,.
" "_'" --_' _'" ,Wind )rofil_ '_I I

--J_ ? i""" v
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Figure 31. Valocity fluctuations in the recirculation flow
field at measuring point A (visible in Figure 27).
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Figure 32. Light section photo Figure 33. Light section photo
of the wall jet separation, made of the wall jet separai:ion, made
visibl_ by coloring the engine visible by coloring the wind.

s jet.
Mo = i, Co= 550°C, Wo = 8 m/s, Mo -- i, eo_ 550°C, Wo = 8 m/s,
H/D = 3. H/D- 3.

Figure 3,4. '___.t" _' _

Light section photo of the I !recircuiation flow field, i
configuration of Figure 33. _"

t

Figure 35. _

Light section photo of the ,s "
recirculation flow field, _ _, _-
configuration of Figure 33. "'

/
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Ii - -Fi_]ure ]6 . ....i{,

Light section, photo of the
recircu[ation flow field, . <

configuration of Figure 33. I_
y-

i
Figure 37.

Horizontal light section L_ _
through the wall jet, 50 mm _:_/_

above the plate surface. X

M° i, Oo 50°C, W° 14 m/s, _ .....
H/D - 3.
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Figure 38.

Temperature measurements> in the recircula_lon glow gield, t_oasured

from two thermocouples , um apart !O.S an dt_lter)..
•, Upper Ill o£ t,,hefii_sz'e: H__- 3, ___r half,_tl/_l - 8, . ,."
i: Coordinates csn lie llen lZ'Oll l_l l 7, • I lllloel_r, iy

_ measured mean o£ 40 _udividual neasur_s.
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Figure :58. (Continued)
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': F---"_-- Max{mum temperatures

°\i_[-Mean temperatures
Figure 41. 9 ] i [ ' ' i

j !:oclel 1_ *%,, !Mo_cl l.

Meassred temperature profile _ ..... [ l_,- _jMode

of the recirculation flow _ [ I ._ != 2 .-iModel 2 _ , _-
on the engine center axis. ' ' I , \ ! o.._oo_

] !
0 0 $ _0 /S _0 2S

•c e.
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----Mean temperatur
"C :
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Figure 42. Calculated and me."_ured temperature rise at the

compressor intake as a function of the exha.st gas
jet temperature. ._

) Engine intae.-

o..oo'c

t

_..t __.. :'_ ThermocoupleNo.

o f t 1 1 ! I I v -.------__

_o , , , ; -- $
0

0 ---------
i

$ __

Seconds
Rec irculat Ion No recirculat ion

Figure 43. Temperature fluctuations at the engine intake.
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I ! / / I / s s t ; ..

Figure 44. Calculated and measured velocities in the y-z plane
of a lift engine (superimposition of Figure 12 and
Figure 28).
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Figure 45. ii
) Calcalated and measured temper-

ature rises at the compressor

k intake
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Figure 46. _ recirculation

_^..__._Heightof the temperature ___
_v_,_=ry line on the engine

central axis.
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Figure &7. Temperature rise at the engine intake due to
wind recirculation as a function of Mo, w, e. , H/D.
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9. Appendix

9.1 Engine process

Special abbreviations in Section 9.1

a Speed of sound

b* Specifi _ fuel consumption

_p Molecular heat

F Thrust

Hu Lower heating value

I i Specific enthalpy

I Molar enthalpy

k L M_lar amount of air
M Molecular weight

0 Molar oxygen requirement

P "ower

_ p Pressure

r Volume proportion

S Molar entropy !

Correction factor for the IS table

n Efficiency

Air excess coefficient

Mass proportion

a Mollier number

Indices

2,3,4,9 States in the IS diagram

2', 3', 4', 9' Isentropic states in the IS diagram

ad Adiabatic

B Fue I

BK Combustion chamber

D Nozzle

L Air

mech Mechanical

,_ Sir Jet _,:_i_

N
t
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T Turbine

th thermal

V Compressor

Calculation of the thrust loss of the RB 162 life engine with

temperature r.ise at the intake

Here, with the Rolls-Royce RB 162-31 lift engine as an

example, we shall show how sensitive jet engines are to a change

l in the intake air temperatdre (Figure i). This engine, which is

one of the second generation lift engines, has a 6-stage axial

k The first is of aluminum and all the othercompressor. stage

rotor and stator buckets are of glass-fiber-reinforced plastic. /

A titanium wheel with uncooled blades is u_ed as the single-stage _
7

turbine. By means of this extremely light construction, the ij
4 engine attains the outstanding thrust-weight r_tio of 16:1. _

The calculation of the engine process is based on the

following data :

Compresso_ air throughput _L = 40 kg/s

,Compressor pressure ratio P3/P2 = 4.25

Turbine intake temperature T4 = 978°C

Thrust with T. = 15°C F = 24,500 N

Fuel JP4 (Hu - 42,700 kJ/kg)

As no data can be found about the efficiency, it must be estimated

or calculated. We estimate that

Combustion chamber efficiency nsK - 0.965

Mechanical efficiency _me=h " O. 99

The remaining efficiencies can be calculated iteratively through

the engine pzoces_, with the cyclic process calculated through

_mtil the two independent determining equations (Equation 9.28 and

Equati_;,n 9..30) give the same result. T_:,ls method leads to the

following elf it LeDcles : i_ "_, , _,m,J -
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-,4

Compressor eificJc,ncy ', 19.:::

Turbine efficiency n_ = ,:)._4

Nozzie efficiency nD = 0.935

These relatively poor eificiencies a1"eirteresLing. Thty are

caused by the extreme light construction and the short length

of the lift engine.

The calculation of the engine process is done from the IS

table of hutz-Wolf [30] (Figure 48).

I

Figure 4_. Engine process of the RB 162-31 In the IS diagram
according to Lutz-Wolf.

Point 2 of the IS diagram is determined by the ICA0 standard /83

atmosphere. The volume flow through the compressor is considered

constant here for various intake temperatures:

i 84
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:C = ---- = constant. _q. I
O

Final compressor pressure:

P3
P3 = P2"__ . (9.2

r2

Isentropi¢ compression temperature:

P3
= _.(--) _ (9.3

'I T3' L P2 '

k Final compressor temperature:

T 3, - T 2

73 - �r2 . (9.4)
Nv

2

Compressor efficiency :

i3, - i2

nv=i3 .i2 . (9.5)

in the combustion chamber: / 84 iEnthalpy difference

AiBK : CpBK'(Tw " T3) (9.6)

mB

• mB= %K"Hj '% ._ . (9.7)

_B is the fuel consumption.

The specific fuel consumption is I

rb' _ (9.8)
=--_- •

Air requirem-,_t and molecular weight of the exha_t gas: ,

The fuel, JP4, is composed of the following percentages by weight:
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C CaL,_,,,, °_

h Hydrogen = 14.4_

s Sulfur = 0.15'%

o Oxygen = 0.037

99.9_%

According to Baehr [2], the oxygen required for complete

combustion is

[k o,jomin : 2.66_'c,7.937'h*o.988.s-o : 3,_I (9.9)
kg fuel

k The air requirement is

°miv [ kg02 ]Lmin --- i_,7 (9. iO)
" _o2 kg fue I

f

in which 602 -- 0.232 is the mass proportion of oxygen in air.

_B [kg] fuel required for combustion with _B " Lmin [kg] air.Air excess coefficient:

amount of air actually pass ._ : :ou_.
" amount of aJc needed fcr sto _L1"om"-r - ¢ombu3tioE"

-- : 3.8 (9.Jl)
_"Lmin

MoI]ier number: /85

h-(_)
o -"1.3 : 1.51 . (9.12)

c

Volume proportion of fuel:

_i • (9.13)o C

rco2z c-'_'___ = ooo38

86

1973015596-095



i

0.79
_'O : O,775 (9. 1'}

r,'; 2 : r¢o 2 o,21

6"h
: -- : o.oS8 (9 16)

rH20 rc02 c

I,ooo

Residual air _;as o_o

Ioooo

} According to Lutz-Wolf [39] thc _-value is:

3 : o,9_'rN2,l,23"ro rH20,_,o-rcO2" : 1,15. (9. 17)\ -
Molecular weight of the exhaust gas:

', M : 28,16.rN2,32,O'ro2*18eo2":'H20*_,ol'r:02 = 28,925 [ k]
(9.18)

Now the iompressicn process can be expressed by the molar enthalpy:

_v,6p_(%-T2) (9.19;

in which the mean molecular heat is defined as:

£., !_3 . (9 20)= ¢ '_2 "Hm Pm

/ s___6
The combustion chamber final state is:

P_ = P3 " coml_L_Stlon chamber pressure loss (9.21)

I
I_ =_p_ • T_ . (9,22)

t ,

1973015596-096



Tht * ' -;'; ..... _c

V

A [ _ " --

,/
_i : --- (q. 2_

ad _m _T

so that it can be determined in the IS diagram, point 5.

The nozzle process:

J
In the nozzie, the exhaust gas expands to _he ambient pressure

P2" The enahalpy difference of the nozzle i_ read in the ]S

k diagrant.

AID = Alad "nD " (9+25)

J

thus, point 9 is fixed in the IS diagram.

Nozzle outflow velocity:

u9 F F -_2. .iE_" - " • nzh" (9.26)
m mL, m B

Outflow Math number:

U9

H, - a_ (9.27)

where a 9 is the sonic velocity In the exhaust gas.

The thermal efficiency, which is dezlned by the +_,_],,'dual

efflciencles and the enthalpy differences, is:

(z z )q .,.(z z ,M -(z ,-I )In;" ,,,s.T S" 9 D 3 2 v ('9.28)
nth z I_ - 13 +
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It mu_- be equal to the _ffieiency detecr_,i,==dfro_. the r:_["_,.,f /_

jet power apd fuel power:

hla

2

, (.:..,,,• mB)--_ (9.30)

m5 Hu

I
_. - _'_ - ,_ so- _ sty,--,-- The rrna 1

, °'r 0'- - _-,, ,
...... i !

H ¢'- ,o- _ "-_ ; I I
f-_st: _. : I

o - _- o - o _ _ _

Compressor intake temperature_

|
Figure 49. Engine parameters of __heRB 162-31 as functions of the

compressor intake temperature.

lThe results of the calculation'are plotted in Fi_/res 2 and 49

versus the compressor intake temperatu'ce. .,

!:
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9.2 Potential Theor\-

_Special abbreviations in Section 9.2

a Ellipse radius

A Distance

B Constant value for the sink distribution

hl, 2 Cylinder height in the z direction
I

"1,2 lengths on the z axis
u Velocity component in the positive y direction

!
v Velocity component in the positive z direction

x Horizontal coordinate from the jet impact point o,ltward,

k across the wind direction

y Horizontal coordinate, from the jet impact point outward,

opposite to the wind direction

z Vertical coordinate, from the jet impact point out.ward

across the w._nd direction

y Moving coordinate in the z directic.n

n Moving coordinate in the x or .."direction

Meving coordinate in the y direction.

In the following, the velocity components u and v in the ___

y-z plane of the yxz coordinate system are derived from the

potential equations 3.2, 3.3 and 3.4.

Point source:

The potentia] eqLmtion of the point source is:

¢ ' (3 21 :

i:""' "%'_.,_":'.
90 . -_.--" _ ......

i

, : .,_.=i_'_,,._/_._'._._;_ . ..._:_,.,_'": .... :::. :,, .,/..,.... .,. :.., .. I_:- : , _ , _'i_',:_'. _ "_,_._ . ,._ .-', _ .,','_.,,, ..., ;',.,," . .-._,:..--,.,_ . , '1
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A Cy,O.zJ

Z u

i

1

!

I _

"J y _

If the source point is at point P on the z axis of the yxz

coordinate s,/stem:

- _'_ _,. (i.t),a- " (9.31)

Differentiation provides the velocities at the field point A:

(S(_ '_' 9 (9.32)

._(_ e I -(. (9.33) ......,,:_;

M_
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i O,-)
!

Line source:



/(']

l
I V = 4"If'T" z.tz),,l=' - "_(z-L,,)='4.,_," " (9.39)

k Circular area source

If one covers a circuIar disk with the sink distribution

,_ q - - (9.40) 0

the potential equation for such a surface is

_l;" . Z 1; _, (9.41) ,

where _ and n are the coot inat t ear a i .
J

z v[ ,4{r._z)

i , :li!r:$'i_;_ '•; .:,',%;,'j .., ,.
%

93

. - ,., . : " -" !:,'..':'_.;,,'. _.;.",,::4.:' _._-_""f" : _"'""' ";_'_'._"' _.',,''_'"
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/ qZ

Because of the rotational symmetry, the field poi:LtA may bc [)Jaced

in the x-y plane.

If we select polar coordinates, then we have for the

Inducing point P: Field point A:

$ = r.cos_ y = y

n = r.sin_ x : o

Z : 0 Z : Z •



2Tr

_rr ) _.......... , (9._sj
o (_,_;. _2.(,,_,_,).]/RL2R._.c,,_,,?,_2+_

+L,2.(_/R_-2R_'cotf,_'+;'=+r<-,s.;,_,

The vertical velocity component v is

|2"_R

O0

The integration is performed according to Bronstein-SemendJaJew

Integral No. 250 [9]

• _,'," 7.
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/ / 94

Elliptical area source
_j

This is described by the potential equation (9.41), in which iwe insert

cz(_) - R - R. l(os_.l (9.48)

for the integration limit R.

As the flow is to be calculated only for the y-z plane,

the field point A may also lie in this plane. The solution

is reached as for the circular area source, with, to be sure,

the new integration limit a.
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v

A(_O.z)
i

Z
• U

/

I

\ ,

/ "

1

Circular rin_ source

The potential equation for a circular ring source is

derived from the line source

(3.3)
$

with the sink distr£but£on "_'

(. (9.49) ; : _ '_

i ,,
• . .'_-__._"".._' .''. * ". .'.,,."',_,'"._._'_'.','_="-',i'r_'_

1973015596-106



and the segment R expressed in polar coordinates become_ the.

potentia[ equation of the circular ring source

1 I A(y.O.z)

\ /
x p

0

= ,Q.'L (9.52)

v _ =- __" ,q_,,w._'-2R"_''S')v' ,,/_, ._

- _ -e=

' i
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Ellipticul ring source with varia[:le source distril0utior_

The potential equation of thc circular ring source, kel,, :,_n

9.50, applies here.

Z u =

///

X /

J /
A_N

¢/ # l y

_c

J

f
45

In Equations 9.51 and 9.52 we place, instead of the constant source

radius, the variable

" a (ho) ffiR -R" Ic_q[ (9.53)

a_d for the variable sink distrlbu_ion

q el,) - q - B.Ic.sv[ " (9.54)

Source on the covering $ur£ace of a circular cylinder

Proceeding from the poteutial equation o£ the area source, 3.4,

i *
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v1 ACy.O.z)

J

in which the distance between the inducing point P and the

field point A is expressed in polar coordinates

: R • cos_

n : R • sin?

7

the potential equation of a source on the sltrface of a cylinder

becomes

_ _ _ R. ,_ -,_r. . .
0



,.%

The integral is split up and integrated _el)arattlv

0 '_4 h4

, According to Bronstein-Semendja" w Integral No. 242 [9], / 98
r

n_

,(f-'-)_ R_.

so that
2r

\ _ "_>-_'>/[__-_'_'''_C''',_ --,_T)_"']"_'__ '
o

Here

_( -' ?

and

The vertical velocity component v is obtained from different-

iation with respect to z



The first part of the equation Js Integral No 2_2, whi¢.h w_ >_v__

already solved. The second part can be solved by u_e of Lhc

Bronstein-Semend3ajew Integ_'al No. 250 i9_:

_2

i Z'_ - _- I.2-z 2 2_'_"_-_ !
#

' k_

in which NEI and NE2 are t-he expzessions introduced on the

previous page.

_ Source with variable source distribution on the surface of a

.. £yllnde r with an elliptical base.

¢ The potential equation set up in the last section, 9.56,
4

applies here. Now, in the potentlY! equation and in Lhe velocity

•i. components u and v calculated frown it -de must insert instead

$

, "=

._ ...... ., :.;. ,. _.':_:. • _,,_.

_lii i :' . • ;.: '_L:_._-"_.... -, .; .. - •
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"4

and instead of the constant source: distribution q _< -u _t 1_:>,_<

Special abbreviations in Section 9.3

A Buoyant force

p Pressure

R Gas constant

u Velocity component in the positive x direction

v Velocity component in the positive y direction

x Vertical coordinate, out from the origin in the direction

of w
y Horizontal coordinate, out from the origin across the direction

of flow
¥

_ Expansion coefficient of gases +'

" xpo_,<, Isentropy e ent

103
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Startin$ equations:

In this section, w< shall show how )ne proceed_ from the

general equation system 3.7, 3.8, 3.9 to the specia! equation

svstem 3 i0, 3 17 3 12 for turbulent convective flowsj • ' 9 "

Continuity equation:

-@-_-+ _ - ,_ (3.7)
J

Motion equation.

j, -;;) "X-- ,_'t_ #) (3.8)
Energy equation :

__PCT " + v._..) - ;t.(N"+ _ } . (3.9)
Simplifications :

Time term : --___ _

Pressure term: ¢_'_
,3T _ o

Friction term: /4.( _ _

According to Reichardt [50] the pressure term and the friction "

• term for. ;'lows.of the free turbulence may be neglected. ./_:

,g...... ' 2_

1973015596-113



Potential temperature

Pressure and temperature in the free atmosphere cb_ngc with

the altitude. The buoyant force of a rising volume of air chan4c_

both because of the decrease in pressure and due to the change in

ambient temperature.

Assuming an adiabatic change of _tate, a new temperature is

defined in meteorology. This is the potential temperature,
I

which is independent of the variation ef the pressure.
I

The potential temperature _ of dry air is the temperature

k which a volume of air assumes if it is brought adiabatically from

its actual pressure p to a reference pressure Po' usually

the pressure at ground level.

r

_' Therefore :

o - ](9.65)

in which f is the actual absolute temperature of the air volume.

The gradient of the potential temperature (temperature change/ ..

path distance, °C/m) can be expressed well by the gradients of

the actual absolute temperature and the adiabatic gradierLt: ..

J.i- ... ,.

_:£. •
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'_vith A_ = - _ ._. _×

_x--o : _-_ = - 3 _

? dx R.T

' The expression

, = _ .-- (9.65)
R

]
is called the adiabatic gradient.

k For the atmosphere.

"100m

Thus, the gradient of the potential temperature becomes _

A ____0
: .4 [_l" ,_ 1 (9.67)d_ T _d_ •

A _.the ground, the potential temperature and the absolute

temperature are identical t definition. Near the ground, then,

this approximation holds :

/

0 " T + P.X . (9.6B)

,, Figt, e 50 shows the course of the absolute and the potential

t:mperat,.tre as a function of the altitude,

,j

',_ _'-:'7

z ,,

' _m , a. , ,",
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Absolute tempe[ature
6 c- , !

Jz _ I_ i _ \Potential temperature

I\i"_ /': Tco 2

" -i \l
i L',al

I r'K

\
Figure 50. Absolute and potential temperature in the atmosphere.

(i August 1957, Seattle, USA)

Z_!_"

In the equation of motion, X is the buoyant force per unit _

vol_ne in the x direction:

X : _ (9.69)

where

• FI - . (9T0)
( s.t'(_.-_)

_i is a length unit, and 0a, o the densities outside and inside

the rising air stream, respectively. With the general gas equation

we obtain _. • - • _ii__
X - g'T" _(r,'T) " (9.71) _

:: -,'.
L
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As p is constant on one line of altitude, we obtaill

aT

X = __'-f$ • <9.72_

We introduce the potential temperature

where

4

j p--

k is the expansion coefficient of gases, and

0' _ 0- Oa • (9.74)

0 and 0a are the potential temperatures inside and outside

the rising volume.

/ 104

As Murgai and Emmons [45] have shown, the absolute _

temperature in the energy equation can be replaced with the

potential temperature. With this assumption, we obtain the

equation system for a laminar ascending flow.

' Cont inuit y:
r

_x _ (9.75),r

Motion :

_ (9.76)
W" �V._-_._ a

108

•_ _,._ • _ ,', ...'..,.'. .. ,..............'...:,::...,..:,.:"
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Energy:

jo Jo
_.Cp'(_.-_+ V"_') = G . (9.77)

Turbulent ascending flow

Now we introduce turbulent fluctuation quantities into

equation system 9.75, 9.76, 9.77. The quantities with dashes

above them are time averages. Primed quantities indicate momentary

j variations :

'\ V = V I" "7!
\

p -_+p' .

'4

Density wlriations are neglec__ed!

Continuity:
\

--_((_.+u.' _ v' :, ' •,ix ) + ( _ + ) (_ ,9 78)

As the flow is supposed to be steady, on a time average, then

-
/ 105 "_

%

m m _ ;"i _/''

mr
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Continuity:

--- + _ = 0 (9.79)
Jx J_ •

' As one can write

k the motion equation 9.76 becomes

_f_x _u (9.80) i

. .__-_ . !
i"

Insertion of the turbulent fluctuation qt_ntities gives:

For the flow which is steady on a time average, we have

_x = O

, ' ,¢c_') J_,'l. o

L,_:

Ii0 f..
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Now the equation of motion is

u,2Fluctuation products, are neglected!

The expression

)

_o J'o.,.v.ge . & v
\ �"u'N _ *0

8

and the insertion of the turbulent fluctuation quantities into

# the energy equation, 9.77, gives •

/106

f.Cp" 7x (_'(_-_-_'0'+ (_ ).i.(v.(J v:_._-v'.t_')]- 0 (9.83)

Because of the time averaging,

J_.----4s_,.-_ ,J_.-6 'J_ . o.j--T " o"-T"" -_ = o_

" According to Relchardt [50] we may neglect the fluctuation

\,xproduet O'.u' . Thus, the energy equation becomes

The new equation system for the turbulent ascending flow is:

• 111 _:
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Cent inuity :

Jx J_

Mot ion:

Energy :

Jo do . r o'.----'-_)
I 7'_(a_ �vX) = -_.c_ _ ( . {9.s4)

k The turbulen _ heat conduction in the direction of flow

(0'.--J)
"J S

is small in comparison to the turbulent heat conduction in the

horizontal direction. The heat flux density produced by the I
turbulence transverse to the flow direction is

ci . _.Cr._,v, .

If we introduce into the equation system 9.79, 9.82, 9.84:

: T ffi-0"u'."-'_' apparent turbulent viscosity

q ffi_.=p.e'.v' turbulent heat conduction

O' = 0-.0_ temperature difference

then the equation system for the plane turbulent convection flow ___

;_ in the gravity field of the earth becomes:

i Continuity: ,_

�=O (3.10) ;_ , :%

• ''f .
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Motion:

Energy:

O

J'o' Jo' Jo, _._ _ ,fq (9.85)
68

a

] Now, if we set _67 = O, because the ambient temperature is

constant on an altitude line, and if we introduce the gradient

k of the potential temperature

Je. _ do__.
T, - ax

't

then the energy equation becomes

" : Integration of Equations 3.10r 3.11r 3.12.
2

We assume a rectangular profile for the distribution of the

velocity and the temperature in the ascendlng flow:

_..

' _ -b < y c b

_. u(x,y ) = urn(x) "'const.i __*" fo_ X m co_tant

e°(x,y) = e'm(x)" contr.!.

11,3 ..,
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Outside the ascending flow

u = C -0

Integration of the continuity equation /I0_

d B
-- fu.@_ I - 0 (9.86)dx o

0

b (9.87)

\
For y -- b, v b is the inflow velocity of the surrounding air.
According to Morton-'rayior-Turner [44]

?

Vb - _ "U. (3.!5)

Cont inuit y:

d u. _ - _ _.. (3 16)dw

Integration of the motion equation:

- l_.S. ._t,1 - 'r . (9.88)
• •

For u = um = constant and e = em =constant, within the limits
-b to +b, this relation applies:

i 114
|

-, _,._ .. _- _- '- _ I.. . .... ..... , ,. . :_,..- " ._,',.... k.i=_.=. _._ I"-' _ J - . ..'k_. ,, ' '= "-._: " ' .._ '_ ii.. ._ _ _ -., _ _,_:;_, _:,,,,,._" _ 4_ .,.. _ _ . . - ._
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. _,4

The thrust potential term vanishes, as 5chmidt 57_ ha-

proved, because _ = 0 o[_the jet axis an_ L-_= (! at th,

edge of the jet. Therefore, the motion equation is:

Integration of the motion equation:

I
b _ t, 6

I
k 0 $

/to......29
As _" = v' = 0 on the x axis, and e' --- 0 at the edge of

the jet, then
,j

_ o'1 b
• • _-- _'

#

ff _.=r.e'v' I"
'l * m _*

#

Ii,

Energy equation: I

• b.U_ • -U,'_._.O, _,N (3.18)



bpeciai obbreviat ions in bections 9.a and 9.5

A Buoyant force

a CoefficieNt

c Factor

C s Black body rad._ation coefficient

' Height at which the half-lr_ximum value of the d.vaamic
h0.5 qmax

pressure occurs

h0.5u "leight at which the half-maximum value of the velocity
max

I occurs

ho.5@ma x Height at which the alf-maximum value of the excess
temperature occurs

\ I Moment'mn flow%

Nu Nusselt number

P Power

p Pre ssure

Pr Pra adt I number

Aq Pitot probe measuring error

R Gas constant

R* Separation radius
,

r Thermocouple recovery factor

R0.5qmax Radius at which half the axial value of the dynamic

pressure eccurs

R0.SUma x Radius at which half the axial value of the velocity
E_

OCCURS

R0.5_ma x Radius at which half the axial value of the total
_" excess temperature occurs
v q]p

_i R s Probe radius

-7 T Time for one period

Tu Degree of turbulence .

w Inflow velocity in the secondary field ! °_
Hea_ transfer coefficient, exponent -_

Coefficient of expansion for gases

¢_ Compresslbillty _far.LOt, emission ratio

116 _j ' /
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r. ._ur.,_Ilzed free jet _-_'"J- O.k.1.1- _.1_

Isentropic exponent

lime constant

_. Frequency

Indices /Iii

a Exterior

ab Heat dissipation

I grenz Boundary state
i Interior

M Measurement

'_ St Static

Stau State at the impact point

Str Jet

x State before the compression shock
"j

y State after the compression shock ,i

/112 i

9.4 Rotationally symmetri_ free jet

Coordinates and velocity _omponents in Section 9.4

u Velocity component in the positive x direction

u' Turbulent fluctuation velocity in the x direction

v' Turbulent fluctuation velocity in the y direction

w' Turbulent fluctuation velocity in the z direction

x Horizontal coordinate, from the nozzle outlet plane

outward in the direction of the jet

y Horizontal coordinate, from the nozzle outlet plsne _

outward across the direction of the Jet ._:- ',

z , Vertical coordinate, from the nozzle outlet plant _"

outward perpendicular to the direction of the Jet ..... ,--, •

,( : ..-... y

1!7
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9.4.] Turbulence of the free jet

The thrust iet of a _et engine behind _he nozz]e opening is

a turbulent hot gas free jet with _ _riticsl nozzle pressure

ratio. Data on its expansion behavior are only rarely to be found

in the literature. With turbulent flows, an irregular fluctuation

' motion is superimposed on the average motion. It also affects

the average motion and thc L_-ansport pro(;esses of momentum and

heat. Turbulent motions can be treated theoreticai]y only if

] a physical relation is found between the fluctuation quantities
and average motion. According to Ebrahimi [14] a purely theoretical

calculation of the turbulent movement is not possible because all

k known turbulence theories seek to establish a relation between

the apparent viscosity forces, given by the time average of the

squared fluctuation quantities, and th_ time average of the

velocity. _
J

With his mixing path theory, Prandtl [46] for the first

time made possible the analytical treatment of turbulent

exchange processes. He proceeded from the fact that in turbule._t

flow, individual turbulence balls, retaining their initial

velocity, move for a certain distance transverse to the main

flow direction, the "mixing path", and then mix with the

surroundings. As the turbulence balls lead their own existence

for a certain period, the turbulence balls would have to exchange / I13

each property connected with the flow, such as temperature and

concentration, in the same way. But in a turbulent flow the

distribution curves of temperat1%re and velocity do not coincide.

As Hlnze-Hegge-zijnen [28] have measured, heat expands more

rapidly than moment%nu._ Taylor [73] provided an explanation of

this with his vortex traz;_por_ theory. This states that it is

not the velocity but the vortlclty which is the characteristic : %

_ property of the turbulence balls. According to Taylor, the _-....._

°_' exchange magnitude for heat transport is twice as great _...._f>):

118 "_:
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op the basts of measurements of the moi_lentum and temp_r_u_

profile, and treated the transport pro_ess of turbuie_t flow_

independent from special turbulence hypoth_se:. Reichard arrive<

at the result that the momentL_n of the turbulent free jet is

constant over the distance which it r,ms, because tL_e total

' longitudinal flow of momentum which moves off transversely is

proportional to the longitudinal decrease in momentum.

I These older basic works on the expansion of free jets were
without exception concerned with the fully expanded region ana

with jets of low nozzle outlet velocity and excess temperature.

k But with single cycle turbine engines the exhaust gas jet leaves

the nozzle at sonic velocity and high excess temperature, so thmt

we can expect jet expansion differing from that of the incompres-

sible cold gas _et. Laurence [35] has demonstrated that the

degree of turbulence decreases with ri_ing Mach number. He ,_

measured turbulence spectra with a hot wire in turbulent free

jets up to nozzle velocities of Math 0.7. Corrsin and Dberoi [i0]

investigated heated free jets and established a higher degree of

turbulence with higher temperature. The nozzle Mach number and

nozzle temperature are, therefore, decisive par_naters for the jet

expansion.

As we could find in the iiterat1"re no systematic documentation

about heated free Jets with sonic velocity at the nozzle outlet,

from which we could determine the sink strength of such Jets,

extensive basic studSes on circular hot gas Jets were undertaken at

the DFVLR. Circular ring nozzles with a hub body - corresponding

to the real engine Jets - have not been studied here. The

_'_'; angular momentum of ez_ine Jets has also not been considered.

According_ to HIE@ins-Wainwright [26], i_owever, the az_ular %

momentum scarcaly affects the bEeakup of the Math I Jet on the

jet axis. All free Jet investigations have been peEfonmd with '_L "_:_" r''_': '

llgl

, j

,.,. *A *: ,,_* _*._j.C_,**_t'_'_<'',_*_.,'__-_'_"'_ *" "_
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nozzle orifice varied between 40°C and 550°C above the ambie_It / l]_

tem_,_rature. The jet expansion was studied along a length of

30 nozzle diameters.

Knowledge of the turbulent fluctuation velocities is J._or_'_

for an exact evaluz_tion of f__:e jet measurements in order to be

able to consider measuring errors of the F_robes caused _.:-turbulence.

Nc turbulent fluctuacior) velocities were me'it.trod in the heated

] high velocity free jet as Dart of these free jet studies, because
ef the great measucing difficulties. Thus, this w)rk is based

on the turbulence spectra measured by Corrsin-Dberoi [I0],

k Laurence [35] a_d others [7, 14, 16, 17, 40]. :

$:

Accordin_ to the studies cited, the turbulent fluctuation

velocities increase transverse to the jet axis in the direction

'J of the edge of the jet, reaching a maximum in the mixing zone !_

(Figure 58). TP.¢ turbulence along the jet axis increases

strongly bel.ind the nozzle in the jet direction, attains a

n_ximum at x/D = 7 to I0, and then decreases gradualJy.

According to measurements by Laurence [35], an increase in the

nozzle Mach number causes a decrease in the turbulence (Figure 57),

while an increase in Lhe jet temperature increases the turbulence

: and shifts the turbulence maximum on the jet axis in the direction

of the nozzle (Figure 58). (According to measurements of Corrsin

ar.'dUberoi [I0]). According to Bradshaw, Ferries and Johnson

: [7] the turbulent transverse fluctuations v' and w' are

-_' equal to the longitudinal fluctuations u' up to some 3 nozzle

diameters behind the nozzle. From there on they become smaller

_ and become obout 80% of the longitudinal fluetuatior_.

120
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9 _.2 Exp_cimental design --_' _L,u measuring L _L-:-'-• tft.. I tJ.t Ak{ tit

In the free jet studies, the hot gas line behind the combustio[!

chamber consisted of a cylindrical tube (80 mm inside diameter anc_

i0 mm wall thickness) 2 m long, made of stainless steel with

extremely smmooth surface, at the end of which the exchangeable

experimental nozzle was mounted so that the free jet blasted

horizontally 1,200 mm above the floor. The transition from the

hot gas line to the nozzle was flush so that the internal flow

i was not disturbed. 200 mm ahead of the test nozzle, 4 static
pressure holes, 2 mm in diameter, were distributed around the

periphery of the cylindrical line and connected together by a

ring line. 25 mm in the flow _irection behind the plane with

the pressure measuring points, two NiCr-Ni thermocouples, 1.6 mm

in outside diameter, projected some 30 mm into the tube flow / 115

for temperature measurement.
J

The free jets from 5 differently shaped convergent nozzle

forms (Figure 51, 52) were studied. Three nozzles had a bell-

shaped constriction region connected to a cylindrical outlet

with a length of 2, i, or 0 diameters. A conical nozzle

was also used. It corresponds somewhat to the engine nozzles

used now, aside from the hub body. There was also a diaphragm

with a very short cylindrical outlet among the nozzles studied.

The final diameter was 50 mm for all the nozzles. The internal

contour lines ended sharply at the 5ozzle orifice.
<

The free Jet measurements were done with a probe rack which

.- could be moved on the Jet axis with a remotely operated moving
>
_, system (Figure 53). Initially, the impact pressure measurements

=_ in the hot gas Jet were undertaken with a single movable pitot '-

_ probe. Because the probe operation was too fast, the ulasured

pressure profiles were always too wide. Because of the high _

viscosity of hot gases, the build-up time for the pressure in i!__-

121 .
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the measuring line exLend_d f_om Lh_ ux_t_L volut up Lu ] _Lti_iot_.

Thus, it appeared desirable to prefer probe racks of movable

individual probes for hot gas studies. On the probe rack used,

31 pitot probes and 20 NiCr-Ni thermocouples were distributed along

a width of 200 mm (Figure 54). The probe capillaries, of 1.2 mm

outside diameter and 0.8 _., inside diameter projected 20 mm free

' of the 5 mm thick probe holder. The temperature measuring points

of the probe rack consisted of 1.6 mm thick NiCr-Ni thermocouples

with high-temperature-resistant Inconel jackets with tips welded

I shut and free globules inside. The total pressures measured at
J

the probe rack were led through 4 m long tubing of 1.6 mm insiGe

diameter through a pressure measuring point selector switch

k (scanning valve) to a DMS differential pressure transducer w_th a

range of ! 12.5 PSI.

Static pressure measurements were done on the axis of tbe
j

cold free jet. A cylindrical tube 2 m long and 4 _n thick was

used as the static pressure probe (Figure 61). At about the

center, 4 static pressure holes were distributed around the

periphery of the tube. The tube was movable and mounted in a star-

shaped holder inside the hot gas pipeline and fastened to one arm

of the probe moving device outside the nozzle. In this way the

static pres3ure measuring point could be moved about 500mm in

_he region of the nozzle. This design was preferred to the hook

probe because it works almost without oscillation and does not /116

disturb the flow by the compression shock caused by the probe

head, becauseithe probe tip was in the low velocity region inside

the pipeline far ahead of the nozzle.

•_ 9.4.3 Calculation of the velocity and temperature from i_
the measurements F

The calculation of the local velocities in the region near the /_,_ _

_ speed of sound is quite tedious, and possible only through - i_ii_,i_i_

.2
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repeated iteration. It was done with electronic computL_rs, l'hL,

Raleigh pitot probe formula (Equation 9.96) was used to te_t wh_ther

supersonic or subsonic velocity was present. From the pitot

pressure, the static a_,bient pressure, and the local isentropic

exponent _ a Math number. If this is smaller than i, the

velocity is calculated according to the laws of compressible

' subsonic dynamics (Equations 9.91 to 9.95). If the Mach number

is greater than i, the;z the value of the undisturbed flow before

. the shock must be determined from the measurements behind the

I compression shock (Equations 9.96 to 9.99).

In subsonic flow the measured dynamic pressure is

\
p 2

q : 7 " u • c (9.91)

with the compressibility factor
"j

(P_o_). i
s : _----!l• Pst

_-i (9.92)

(P_e_o)--IK
v

Pst

The dynamic pressure must already be diminished by aq - the

measuring error due to turbulence, explained in the next section. !

The density O is i

Psi i
p = --

R'Tst (9.93) i

The measured temperature is made up of

u2

TH = Tst + 2-_cp "m_ (9.94)

in which r is the recovery factor of the thermocouple (see _!/ _'

•Section 9.4.5). After some transformations, we obtain for the

i 9730i 5596-i 32



(q'R'r_)*(Psc'e'cp) ' (O.qq)

As supersonic velocity, according to Shapiro [67], the Mach

number is calculated from

<

p,, (,---_- • Mx2 )
= (9.96)

, (2_ _:-1_*"--T"v'x2- 77f )

I
where PM is the measured pitot pressure and p= is the static
ambient pressure ahead of the compression shock.

\
Compression shock Pitot probe

'J ux rM /

rst,
r.,.

Supersonic flow Subsonic flow

M,_I My<I

The measured temperature after the compression shock is
2

U

TM - Tc_ * Y • r* . (9.97)
y 2.Cp

Here TSty is the static temperature of the subsonic region

behind the compression shock. Between the static temperatures

Tstx before and TSty after the compression shock we have k

the relation _

; . , 2;'. " "
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*"St,, = (i"r z-12 Mx2)'(_2"K Mx2 -1)

'Six ('<+1)2 "M 2 " (9.9_)
2' (,(-l) x

I

Then the supersonic velocity of the undisturbed flo:v ahead of th _ / 118

compression shock is

The velocities and temperatures are calculated with the e_ct

k Cp and _ values determined for the static t=mperatures
encountered. The gas constant R is always calculated as a

function of the air-fuel mixture.

J

9.4.4 Pitot probe measurement errors due to turbulence

If we use a pitot probe in turbulent flow, an excessively

high dynamic pressure is measured. With incompressible flow, the

impact pressure measured with the pitct probe is

q : _ 'u2

where u is the current velocity, made up of the mean of the

velocity, _, and the instantaneous deviation from the mean, u'.

U ,.

-,.l_

125
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U : _' _ U t

2 u' )2 --2 -- .u = (_' * = u ")" 2UU' * u'+" •

I If _e integrate the velocity over the time, then the expression

2_u' becomes zero and we obtain

o / ]]_9

, u_dt " ! u.dt * u'.2dt

If we assume a sinusoidal curve for the fluctuation velocity u',

then

k 2 -2
i u,2

U = U • _

The measured impact pressure is then"I

-2 I u,2). (9.100) ,
q : 7"(u* 7

Pitot probes measure a dynamic pressure greater by the value

0 .u,2 (9.101)_q =_

than the dynamic_@ressure from the meal,,velocity. But because

the flow has velocity fluctuations about all 3 axes, then

P v'2 (9.102)Aq - _-(u '2 _ ,+,w'2) .

It should be noted ttmt in the llteratuze it is tmtmlly the +.+

effective value _' which is given for the turbulent fluctuation

velocities. This can be measured _th hot wire probes. That is,

they are time averages of the turbelent fl_tuatiOn velocities.

With the effective values, the d__+_ciprlssure measurld with _+i,_ "

pitot probes becooms _." ,4.++ _+_+++y+,+++++_?

..%'+ ++_++:.-+__

: 126 -+
i , 7 %,

'"++++- , ....... +_, ,.+_++-' +++,+ ,+ : + ,i++/<+i:+%+'_\+ p
°:-_I +++.++:+,/++.... ++++++++_,+,+++.... .++__._+++ +_ ++ ,,+_++_.+--+++++ ++"./.,+-h_ ' + +++_.'++_'+--;+.2++ "_'-+"++++++J.-_:-+_+++-'v,,+e- +. +_+++_+- ,+++• + ,++ - 4+,.++_++++++++4+_.+++ ++;++,,++_,+ +_;,+ ++. -,+- , _ , -,. +

I
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(.; 2 _,2 -,_ _-,2
q = _-'(u"--,- -,- v _ + ) (q.!()._

In the present free jet study, we have used as _ basis for th_

co]d gas jet the turbulent fluctuation velocities reported by

Laurence [35] for M ° = 0.7. According to this, the degree

of turbulence for each measuring point is

-- - - I/3(u,2 * v,2 2

] • w' ) (9.104)

and the measuring error of the pitot probe which results from

that is calculated.

In the hot gas iet, for which there are no turbulence /120

investigations, we have accepted, in the lack of betterJ

information, the curve for the tulbulent longitudinal fluctuation

velocity u' found by Corrsin and Uberoi [i0]. There are,

however; strong reservations against applying turbulence

regularities found at nozzle Mach numbers of M o - 0.07 and

excess temperatures of O - 170°C to nozzle conditions of
O

Mo " i and e° = 550°C.
I

For a free Jet with critical T.,ozzlepressure ratio and a

nozzle impact pressure of 735 mm Hg; the pltot probe measuring

error for a cold J_ increases along the Jet axis from the value

0 directly behind the nozzle to 16 nR Bg at the axial distance

x/D - 9. For a Jet heated to 550"C it increases to as much as

_ 22 mn _ (Figure 59) Transverse to the Jet axis, the maximum

/ pitot probe measuring error is in the plane x/d - 6 behind

_ the nozzle, in the mixing zone at y/D - 0.5. For a cold Jet _
_ it amounts to 24 _a _, and for a Jet heated to $$0"C, 41 _a _ .

_, (Fi_aze 60). values, we are not dealing _gl_ibleWlth these with

i maEnltudes. There£ore, all the Qxperiemntal results introduced in-
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this work are corrected by th_ pilot probe meaburit_a LrrcJr c._l__i

by turbulence.

9.4.5 Syste_latic error in temperature measuremerlt with

the £moc oup Ies

The thermccouples .used were c osed versions of miniature

jacketed the_nocouples. The two chromel-alumel thermoco,p]e

conductor.= were spot-welded at the measuring point and imbedded

! in a magnesium oxide (MgO) insulation material, insulated from

the _acket. The outer Lnconel jacket (NiCrFe alloy) was welded

pressure-tight and humidity-tight without changing the outside

k aiameter.

Thermocouples vf two different diameters were used. Those 1.6 mm

were used in the Jet investigations, and those 0.5 mn thick were

used to measure the temperatures in the surroup_ing field and in

the engine intake.

A temperature measurement by these thermccouples is influenced

., by:

Recovery factor

Heat conduction away from the th_mocouple ,_
Radiation of heat _._
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Catalvt;c CLL_C_

Time constant

In the following we shall estimate how great these effcct- wcF< i_l

the studie<.

Recovery factor

Depending on the design of the measuring probe and the

state of the flow, the thermocouple may not convert the kinetic

energy of Lhe gas completely into thermal energy. The recovery

factor indicates the ratio of the actual to the ideal dynamic

temFerature

\
--

, TH St

Tges _ TSt . (9. 105)

The thermocouple does not measure the total temperature T
ges

of the gas, obtained from the sum of the static and the dynamic

temperature, but the somewhat smaller value

u-f-2",,". (9.106)TM = TSt • 2.=p

According to _lvermann and Stottman [I], fo: the thermocouple

type used here, with longitudinal incident flow in the Math

number range from 0.I to I, the recovery factor is

r _ : o,86 ._ o,o9 .

The numerical value 0.84 is used for the evalustic_ of all -,

:, experimental data. Calibration measurements showed that this -
value is accurate to + 2%.

g -

&,-

:,' 7
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Heat conduction / 122

The temperature decrease at the thermoelement measuring

point due to conduction of heat through the steel jacket and ahc

thermocouple wires into the probe mount is

#

Oab = (TM T' ) i- (9.107)
• . _m" U

cosn_i-TP-" l)

1
!

Here the abbreviations are:

TM temperature measured by :he thermocouple

k T' temperature of the thermecouple jacket and wires

at the level of the probe mount

c_m mean heat conductivity =oefficient of the thermocouple

thermal conductivity of the jacket material"j

U outside circumference of the thermocouple :_

F cross-sectional area of the _acket

_ I length of the thermocouple from the measuring

: point to the probe mount

The mean thermal conductivity coefficient, _m' for

_: the cylindrical body of the thermocouple, _Itb a hemispherical

_;_ end, with longitudinal incident flow, well between the _-value

6_ for a flat plate with longitudinal incident flow and turbulent

_: bounda_/ layer, for which the Nusselt number c_n be calcullated,

:_i from:

Nu or o2g'/. Re"Zl$

z+o, 1,s.Px.'l/6.z,'l/z°. (e=,-l) i (9.108)

t.
"". ,,

and the t_emal conductivity ¢_fficient of a circular tube

With transverse incident flow and with a Russelt nmaber in the

130

I
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Re range of ] to 4,000 of

Nu = o._3 * o._8 • Re°'" ,',9.109)

and for Re numbers of 4,000 to 40,000:

Nu : o._3 + o.17_ • _eO'618 • (9. ii0)

Alvermann and Stottmann [i] state a Nusselt number for a

} circular cylinder with longitudinal incident flow:

Nu = (o,o85 - �oeoog).ReO'57W , (9. iii)

\
This is a body shape corresponding to the front spherical /123

cap of the thermocouple used. Between the Nusselt number and the

heat transfer coefficient there is the relation:
'j

Nu'_

a - sir • (9.1!2)

Now if we insert tile material values prevailing in radiation

investigations, we obtain for the hyperbolic cosine of Eqtmtion

9.107 a value greater than 105. Then we can establish, without

knowing the temperature T', which is difficult to determine more /

accurately, that the thermal conduction is negligible and that

the error which it causes in the measurement is less than I°C

in any cage.

Heet rad_ .,_ion ' ,:

The thermocouple is in radi/ation balance with its _:_..:/,/,_,_ .

sur._oundings. The hot gas Jet itself affects the temperatt_e of _:_<._,,._._: ,.

the thermocouple through the radiation of its CO 2 .,and...H20 | _._:...'.::,.:

components. The water vapor radiation is so slight , • however, f, .::.:.:!:_:j-t::..!
% t,+'-.'$:f_.W_%_' -'_-.: :.,

that it can be neglected, Using the Stefan-Boltmmnn zadiation |i_,.!:!.:_:i,_i_i_i!i_
................................................................ '_ ,, ,._._=_,._'_..:
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law, we obtain the temperature loss of the thermocol-ple due to

heat radiation as

Orad _ _ .(_'.I _a ¢C02' 's=____r) (9 113)iooa Ioo_ ioo_ "

where it is assumed that the thermocouple has a considerably
J _- ° 4-

smaller area than the surroundings _ad_.a_.ing back. The symbols

in Equation 9. 113 are:

C s Black body radiation coefficient

] _ Heat transfer coefficient at the thermocouple head
I

Emission ratio of steel, in its state during the
g

measurement

k ' CCO2 Emission ratio of the CO 2 component in the free jet.

From the fuel consumption of the combustion chamber at
]o

500°C jet temperature (0.0074 kg/s) we calculate the CO 2 mass )_:

mc = 0.023 kg/s. The free jetflow after combustion as 02

consists principally of N 2, 02 and CO 2. The molar proportion of

CO 2 can be determined from the molar amount and the molecular

weight, giving finally the partial pressure PCO2 " 1.7"1o-2 bar

_; According to gckert [15], carbon dioxide at this pressure, _24

_ 500°C temperature, and 30 mm _et radius has an emission ratio

_"_ of

¢C02 = 0,02 .

This is so small that the last term of Equation 9. 113 can be

neg_ecceu. ,,,

The radiat'_ on

be taken from the table, with constant valuu for ¢_- 0.6' _;ii_!_,ii_

• . . _ .'_..,

• , :,.,,_&_.
..,.. " ...._.:.,..':,.:.::";.';!_,_;._i_
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3 a.,,. u i_e r;u a ORad.

Actor to [
I " W I

°C - . °C 2mr,. m/.: I I G1. I

' 9.1o9 u.8.Iio m2deg. I
!

, I I !

o.5 I 35 2o 162 6.5 1 3_o om'- i,!
I

1,6 35 20 52o Ii.4 186 o#8 i 2,3i

212 i] 1.6 2o0 9.lo3 53 134o 1.4 I 0,7

" l 9"io:] 53 19oo 7,3 1 I,_I,_ 512 500 1 1

The temperature loss due to radiation is decidedly dependent i

on the heat transfer number _ at the head of the thermoelement,

,_ but this is very difficult to determine exactly. The local flGw

conditions are determining for the e-value, so that turbulence

increases the heat transfer considerably. As the free jet flow

is highly turbulent, the heat transfer to a thermoelement

within the free jet will be .higher than the heat transfer averaged

over a certain length of a plate or a cylinder in longitudinally

incident flow with laminar blowing, for which Equations 9.108

and 9.111 apply. For the calculation, then, Equations 9.109

and 9.110 were chosen, because the flow around a circular tube

_ with transverse incidence describes the flow about the thermo-

!i couple head well. The high heat %ransfer in the dead water behind

the circular tube, which is also in Equations 9.109 and 9.110,

: and which cannot occur with the thermocouple because of the • 7 :

_ presence of the stem, can ,in this case be evaluated as the "

additional heat transfer which occurs through the great turbulence _i:i';-

_ of the free Jet flow blowing on _he thermocouple. ,%_,_'_:_"-'-_:.'

_-,. ^,

i133 _=.s:/...:..
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The lowering of the thermocouple probe temperature hy r_d-

iation varies between I and 2% of the measurement. This

radiation error is not considered, however, in the evaluation of

the e_periment.

Catalytic effect / 125

As hydrocarbons were used as the fuel for the combustion

chamber, there are gas mixtures in the free jet which can

1 carry on exothermic chemical reactions on the surface of the
thermocouple if they are released by noble metal catalysts.

No such catalytic effects occur, though, with the NiCr-Ni

k thermocouples with Inconel jackets used here [i].

Time constant

"j

One measure for the response sensitivity of a thermoeouple

is the thermal time constant T which indi=ates the time, after

a sudden drop in the temperature, when the thermal potential

has dropped to the value _e = 36.8% of the initial value.

Temperature drop:

eM = _ad" e-t/z " (9.114)

For a sudden temperature rise, the time constant indicates

the time after which the thermal pctential reaches the value

(I - l/e)= 36% of the final value.
;

_i Temperature rise:
k

eM (t-.tiT) ' (9.115) _= _rad!" "' -
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Neglecting conduction and r_idiation !osse_, th_ tlm_ r'orl<t:,r_t

defined as

T = 0'V'cq • (9]]6

Here p is the density of the tnermocouple tip, c theP
specific heat, V the volume, F the surface area, and _ the

heat transfer coefficient according to Equations 9.109 and 0.Ii0

' at the thermocouple tip. The volL_ne of the thermocouple head

! which comes into question for calculation of the time constant

is approximated by a sphere with the diameter of the outer jacket

• of the thermocouple. For the density and specific heat we must

k insert averages for the sphere, which consists of the welded

bead_ the MgO filling, and the Inconel ja6ket, into Equation

9.116.

J

With the time constant _ we can define an upper frequency

limit !

= --
limit _ (9.117)

for the temperature fluctuation, at which the recorded amplitudes _ 126

of the measurement will amount to only i/_ of the true gas

temperature. For turbulent fl_tuations above the limiting

frequency the measured amplitudes decrease even further.

The time constants and upper limiting frequencies of the

thermocouples _sed can be read from the table for different flow

conditions.

,r

! .' .f_' _N:L_/""",_,:'
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I
D = 0,5 mm I D = 1,6 mm

I%1
¢i V _" _a 1 V 0 c.

P 3

mm 1 mm m= 3 mm mm ; mm kg/m 3 Ws/kgdeg
' _ I o,16 i

It i.....
Weld bead 0°00215 o o°5 o,o65 79oo _76

. Filling Mg0 o,161o,38 o,o26 o°5 i°i 0,632 3_oo 97o

1nconel 1I sheath o,38 o°5o o°o36 i°i 1,6 i ,45 8000 u75 )i ]

\ ,D =0,5 D=I.6 mm %

T °C 20 20 227 527

u m/s 5 5 200 500
_d

a W/m2de _ 3Uo 186 13_o 19oo

T s o,81 5,3 0,73 o,51

&Olim i/s 1,2 o,19 i+_ 2

The time constant _ increases with decreasing temperature

_ and velocity. That is, the thermocouple follows the temperature

$_[ fluctuations most poorly at the edge of the jet. Just as the

'_ pltot probe, t_ _.type of thermocouple used here is unsuitable

; for measuring the turbulent flow processes at the edge of the

Jet. Nevertheless these relatively thick thermoelements with

_ prote=ted heads were selected because thinner thermocouples with ,+

free welds cannot withstand the mechanical stress of the hot ,'?:

_- Mach i Jet and the erosive action of its dirt panicles. •''_

4

,,.i:,6 '
• ." %, _._;,, .

• ' ' ' ' .-.,r - l-"_i_"_ ,_ ,'
.., ,, . . . - .. .... , .a%+, - ca, v " ' ,,...... . ...... . , .- ....,..,:.,....-..,.,._ _.:.

...... +, ..,.:_.+:_,',,' .,.- ..,_:_.,_--,':..,.'+'_i.;..:..','_._ _.2/._ " %;
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9.4.6 Static pressure / ]27

A statement of the static pressure is a prerequisit_ for the

exact calculation of free jet velocities. In his basic work on

free jet boundaries, Tollmien [74] calculated a static over-

pressure from the equations of motion for the turbulent free jet.

, But outside the potential core, experimental free jet studies

always yielded underpressures. Still, these early results were

little trusted. Even Schlichting [55] in 1930 referred to

Tollmien's calculation and considered the underpressures which

1 he had measured in the free jet as measuring errors. Meaptime,

however, it was confirmed by a series of works, e.g.,

k Miller-Comings [40], Fiedler [17], Eickhoff [16], that the
free jet has a static underpressure outside its core. According

to Miller and Comings it is equal to the radial component of the

apparent turbulent normal force:

-ap = p.V'2 . (9.118)

J

For great density difference we have, according to Eickhoff

m

-ap = _ • V,2 . p, V,2 . (9.119)

The course of the static underpressure in the free jet looks

similar to the distributions of the turbulent fluctuation

velocities shown in Figure 56 and Figure 58. According to

measurements of Eickhoff, a certain static overpressure

:_ prevails in the core. As early as x/D = 3.5 it has changed

_ to an underpressure. At 9 to 10 diameters hehind the nozzle,

_; the static pressure reaches its minimum and then increases

_ slowly again. For the transverse distributions of the static ;i.;

pressure in the core region;, thetpreesure8 fall £rom positive , _

values on the axis to great underpreseures ira the center of :_;_:_,_L;:i:_
the mixing zone and then lncreaee again toward the Jet edge _,_° ........_;

..... _",.4_'_, _.,_': ',

137 __'" _'
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to the ambient pressure. In the re_ion of the fully developed

free jet the underpressure maximum of the transverse distribution

curve moves to the jet axis.

On the basis of the relation of Equation 9.118, the

static pressure can be determined by the hot wire method. This

' avoids the difficulties occurring in the measurement of static

pressures by cylindrical probes ill turbulent flows. For static

pressure measurements in turbulent flows with cylindrical probes,

I Goldstein [22] established a correction formula. According to

Goldstein, the turbulent fluctuation velocities cause a positive / 128

dynamic pressure on the lateral pressure holes of a cylinder as

k long as the frequency of the turbulent velocity fluctuations

transverse to the cylinder axis is higher than a ratio formed

from the fluctuation velocities and the probe radius Rs,

V' W '2
> + . (9.120)

At this turbulence frequency, the probe does not receive any

transverse incident flow so that it can form no dead water and

underpressure.

_, For the measured static pressure of a cylindrical probe,

',,, Goldstein [22] states the relation

" --- ------" ! • (9. 121)
!_ PSi M : Pst u'2ev'2_'2) with 0 _ c _ 3

:;" For the unheated Jet, the static pressure curve is measured on

_' the Jet axis within the Jet and in the free Jet out to some

.,_ 2 diameters behind the nozzle opening. No data on static

pressure measurements could be found in the literature. Therefore

thatof aoschar [53]was expanded and the luu%
very long cylindrical probe, dascribed in Section 9.4.2, m _.

applied. As the measurement is very strongly affected by the ;

138 J:,i'-' .-
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turbulent fluctuation velocities and these _r_ not k_1own f_r Lh_

high-velocity jet, static pressure measurements succeed o_Iv _htr_

the turbulence is negligibly small, on the ]ongitudina[ _xis of

the jet in the first section of the potential core. The course

of the ststic pressure measured on the jet axis is plotted in

Figure 61 for the five nozzles studied. For all experiments,

a nozzle pressure ratio of 1.95 and an excess temperature of

G = 40°C were maintained. The high static overpressure ino

the nozzle orifice of the conical nozzle 4 is striking. It

I amounts to 30% of the dynamic pressure of the core flow. The

assumption often made, that the static pressure for convergent

nozzles with critical pressure ratio Pges/P. has decreased to
k the ambient pressure by the nozzle orifice, must then lead to

errors in mass determinations.

At critical nozzle pressure ratio, the velocity in the jet
core is above the velocity of sound. Fluctuations of the static

pressure, in the region of the first 5 diameters behind the

nozzle, have been identified as compression shocks of a super-

sonic flow by means of Schlieren optics photographs (Figures 129

62, 63). All the nozzles investigated showed a supersonic flow

of Math 1.02 to 1.04 in the core. Even with exactly critical

pressure ratio, a post-expansion to supersonic flow set in

behind the nozzle. This can be explained by the sink effect

of the Jet: In the immediate neighborhood of the nozzle opening,

the static pressure of the surroundings is decreased by the

contribution of the dynamicpressure to external inflow.

This increases the actual nozzle pressure ratio to a super-

critical value, and the post-expansion behind the nozzle

accelerates the flow to supersonic velocity.

I I II ....
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For calculation of the free jet velocities frorr_tht v,L,_u_'_cl

quantities, the static pressure outside the potential cor_ _,

set equal to the ambient pressure. Because of the lack of d_,t,

on the turbulence spectrum of the free jet, no statements can

be made on the accuracy of static pressure measurements. Only

in the forward-most region of the jet core, between the nozzle

outlet plane and one nozzle diameter behind the nozzle, were

measured static overpressures considered in the velocity

calculation.

1 9.4.7 Axial value

The dynamic pressures and temperatures measured on the free
jet axis are plotted in Figures 64 and 65_ Here, and in the

following, these are always measurements corrected by the Pitot °4

probe measuring error caused by turbulence. The course of the

_J axial velocities calculated from the corrected measurements by

Equation 9.95 is plotted in Figures 66 and 67. The varied

nozzle temperature is the parameter. The effect of the nozzle

Math number is presented by use of Laurenue's results [35], which

are also plotted for comparison.

Because of the. ris_of the degree of turbulence _ith increasing

Jet temperature (Figure 58) the hot gas Jet mixes more intensely ;:
j

with the surroundings and it breaks up more quickly. Increasing

nozzle Math number has the opposite effect. The degree of tur-

bulence decreases with increasing Math number (Figure 57). The

high-velocity free Jet breaks up considerably more slowly than

the Jet with lower nozzle outlet velocity.

|

!
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The half-value radius is a suitable measure of tht ]tt _idth.

This is the distance from the center ot the iet to the point _t

which the dynamic pressure, the temperature, or the velocity ha_

half its axial value. For a Mach I free jet, the ha]f value

radius of the dynamic pressure and the velocity are nearly independ-

ent of the temperature (Figures 68, 72, 73) while the nozzle

Mach number has a stronger effect on the jet width. While the

] Expansion angle for the velocity and the impact pressure in a
Mach 1 jet is hardly dependent on the temperature and remains

constant for various nozzle temperatures, jets with lower

k nozzle Math numbers are wider. In contrast, the temperature

expansion of the free jet is depehdent on the nezzle Mach number

and the nozzle temperature. Low nozzle outlet velocities and

high nozzle temperatures produce wider profiles for the temper-j i,

ature distribution (Figures 70, 71). ._

The results show distinctly that high velocity hot gas gets

do not have a greater jet expansion angle than cold gas jets.

A trend which is established with free jets having low nozzle

Mach number must therefore not also be present with jets of high

nozzle Math number. The decreasing degree of turbulence with

increasing Mach number prevents the similarity of the jet

expansion laws.

High degrees of turbulence always, produce a faster breakup

of _he jet. But because no turbulence investigations on hot gas

Jets wlth high nozzle outlet vel_ity are yet known, it Is im-

possible to determine the probe measurtnK erzer caused by

=- turbulence, to measure exact impact pressure profiles with

pitot probes, and to establish from them laws for the expansion

; of hot gas Jets. The turbulence corections were reinsured for
these measurements by means of the turbulence spectra measured _,

i -141 o;
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h,._j Corrsin .........anH libel'hi [L-l(]]" F{_:;llF_, fiq <h(_w. l h;tl _ ,)l_--i(I( r ,', i_F_

of the measuremer, t error due to turbulence leads to _r,,;_ll_r ]L.t_.

Therefore authors who report measurements from frec jet- with

low nozzle outlet velocity, with their s_ill higher dcgrccq of

turbulence, establish erroneously large half-value radii if. they

do not correct the measured dynamic pressures by the turbulencL

error. (In this respect, see the curves of Reichart, and of

Corrsin and Uberoi in Figure 69).

] 9.4.9 Similarity of the free jet profile / 131

Figures 74, 75, and 76 show a plot of dimensionless

k velocities and temperatures versus axis,the distanct. from the

standardized with the current half-value radius of the velocity

or temperature. With increasing distance, x/D, from the nozzle

opening, the profiles become flatter. Beyond x/D = 7 they

take on the same distribution. They are now similar to each

other, and one can speak of the fully developed free jet.

The same is true also for the temperature profile. A com-
%,

parison of the velocity profiles of the cold and heated jets

in the region of the developed jet produces only very slight

differences in the profile curves in the marginal zone of the

jet, which is difficult to cover in measuring technology.

The temperature increase with respect to the isothermal free

Jet causes no basic change of the expansion laws, because the

Gaussian normal distribution

u -o.Sg_ 2
-- : • (9.122)
tt

L

?-
%

:_' given by Reichardt [51] for the velocity curve was confirmed

'_ by_ measurement. Here:

142 ..
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oe5 Umax

In this diagram, normalized with the half-value radius of th__

velocity, the temperature distributions are flatter than th_

velocity profiles. Also. the temperature profiles are now no

longer similar. The divergence of the temperature curves from

the Corrsin-Uberoi distribution cannot be explained by the

1 higher heating of the DFVLR jet, but rather from the Math
number effect. Increasing nozzle outlet Mach numbers cause smatler

jets with smaller half-value radii(Figure 72). In this type of

k this leads to a broade._ing of the profile.plot, temperature

9.4.10 Jet edge

J

A distinct statement of the loc,_tion of the jet edge is

decisive for calculating the vo],_ne, mass, and momentum of the

free jet. It can be established by measurement only with

difficulty, because this is where the turbulence reaches

its maximum, due to the low absolute velocit' _s there, making

a directional measurement unreasonable. The Jet edge cannot

be measured even with hot wire probes, because there we are in0_

the range of the inflow, so that the velocity does not vanish.

Pitot probes with a longer tubing line and, accordingly, more

sluggish pressure indication are best suited to measurement of

average values in the turbulent Jet edge region. The measure-

ment error caused by turbulence is quite small here beca,_e of

th_ low absolute values. In the measurement with the Pltot probe

rake> the Jet edge is ass,m_- _ to be where the n_asured pressure

t distri_ation reaches the value of O. The definition of the Jet

i_ edge for the hot gas Jet is more complicated becauee of _.he

different width of its pressure and taq_erature profiles.
_ Here again, for the volume, mass and _menttm calculation, the
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edge was established where the measured pitot _re_:r_ _,_:,_ -

zero.

The flew-technical phenomena at the jet edge can only

difficultly be comprehended for separate velocity and tempc_atur_

limits. In addition, understanding of the physical process

, of the input flow becomes difficult. Perhsps, if this highly

turbulent regien is once stadied with auitable meaouring methods.

it can be shown that the jet edge is not s steady_ but a time-

1 variable quantity° and that the velocity and tenperature limits
of the jet are identical at every instant. But because of the

time constant of th? temperature transducers, we al_ays measure

k temperatures more sluggishly and establish wider temperature

profiles, while the pressure measurement yields quite zood

averages.
f

This difficulty in defining the jet edge becomes quite

apparent in considering the jet energy In the equation for _

the jet power

2

P = m " ¢p " e �m._• (9.123)

The first term represents the thern_il energy. It is the

t predominant portion, so that _he heated mass flow must be known

-,_ as accurately as possible. If one establlshes the jet edge

where the velocity vanishes, then one cuts off the edges of

, the temperature profile, even at: places where significantly

:/_, high temperatures are still meas1_red. No_ if we define the Jet

_ boundary where the temperature has decreased to the ambient

value, then one has problems in determining the mass flow

_i between this point and the velocity profile zero point.

_ Calculations cf the Jet power always gave a physically
unreasonable rise in the value of the thermal portion of

IL.'

_........................ : .................... : ...-_=-_._._-'_._._-_._ _.-'-, ._. ' " a...'°.... :..--i_._._%_
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Equation 9.]23 with the let path lehgth. This indic_.u_- th._t th< '

h[ImEinO_uuwic_ , with the existinK ..............r1,,_+....._ - i, =

measured values which were too high for the desired a\era_s. ]hi_

error has a particularly strong effect at the edges :;f the t_mp<_-

ature profile, and incorrectly moves this outward. For the

voltmte, mass and momentum calculations in particular, the exact

knowledge of the physical quantities in the outer jet edge zone

p]ays an importgnt role, because quantities occurring there must

be considered more strongly, because of the relatively greater

cross-sectional area, than those from the area of the center of

I the jet.

Therefore, we must state here that the volume, mass, and
momentum curves calculated here for the hot gas jet still contain

a certain possible error in case the temperature profile

measured within the impact pressure jet !imits proves to be
J
, erroneous.

!

9.4.11 Volume, m_ss and momentum flow

To calculate the volume flow +

+,+
• r.O

the mass flow

m =fro " u(r) • r. dp. d_ (9.125)++
0 r-O

and the momentum flow



In a certain cross-sectional plane of the frec jet, the

density and velocity were determined for each measllrJng point on

the probe rack. From those, a partial volume, a partial mass,

or a partial moment_un were determined. Their sums, out to the

1 jet edge, where the velocity disappeared, yielded the total
volume, total mass flow, or total momentum in _ cross-sectional

k plane.

Figure 78 shows the volume flow across the jet axis,

calc llated from the measurements. Behind the core region, the

volume increase proceeds linearly. Here again it becomes clear, _

-_ by comparison with the curve reported by Liem [38] for the low

velocity jet, that the Math i jet mixes less with the surround-

ings beoause of its lower degree of turbulence. The very slow _;_

volume increase of the hot free jet can be explained by means /13____4

of the decrease in velocity due to the faster drop in temperature

of the hot jet.

Figure 79 shows that the increase in the mass flow of the

' hot gas jet in the initial region behind the nozzle, which is of

interest for VTOL technology, differs considerably from that of

_ the cold gas jet. While the cold jet scarcely increases in mass

• in the region from 3 to 6 nozzle diameters, it is in Just this

/_," region_that the hot gas jet draws in the greatest mass of

_' secondary air. At x/D - 6 the mass flow of the cold gas jet

is only 1.3 times the mass at the nozzle, while the hot gas Jet

at this point has already enlarged to 1.8 nozzle masses. In this

initial region the hot gas Jet sucks in almost three times as '-,

much mass as the cold Jet. Up to x/D - 25_ tKelhot gas jet has

!.6

, I
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the greater mass. From there oi_ the nozz]c temperature r_o io_<<_-

has any effect on the mass increase of the free jet and thu !:,a-:-

flow curves of the cold and hot jets coincide on the line

The momentum flow curves (Figure 80) make it clear that

I for the high velocity cold gas jet, the momentum of the jet also

is maintained after an initial loss in the core region. In

contrast, the hot gas continues to lose momentum even after the

k core region.

9.4.12 Inflow velocity

The jet inflow velocity, normalized to the nozzle outlet _

velocity, is plotted in Figure 9. This is the veloc__ty component

of the surrounding air perpendicular to the jet axis at the

jet edge at u = 0 (Figure 73). The inflow velocity can be

Jcalculated from the mass growth of the free jet. Due to the

non-steady mass increase of the Math i jet immediately behind the

nozzle, the inflow velocity reaches its maximum one diameter

behind the nozzle for the cold gas jet, and 3.5 diameters behind

the nozzle for the hot gas jet. Because of the slow mass increase

of the cold gas jet in the core region, the inflow velocity in

this section almost completely vanishes after some 2 diameters.

Behind the core region, we establish an equally decreasing dis-

tribution of the inflowivelocities for the cold and hot Jets. By

comparing these results with those from Liem [38] for the incom-

presslble cold gas jet, it can be shown quite well how much lower :

the inflow velocity of the hlgh velocity jet is than that of the

! free Jet with lower nozzle outlet velocity. Because of its

_J" lower degree of turbulence, the Math 1 Jet affects the state c' _,:

147 .
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the surro+utdings significantly I__ss than duc+s the lo_-\Llocit\ i<t,

which enters into much greater interaction with the surround L_

medium.

The magnitudes of the inflow velocities depend on the sizu

of the model. These statements can be demonstrated with a crude

' approximation, in which the existing temperature differences need

not be considered. For the inflow velocity we have

_Frad "

k _V is the growth in volume in the jet section of length _i ,

and an average diameter Dst rhaving the exterior surface aFs_r

V u 'F •
"J W_ ------0 = . 0 0

AFrad _-_l"_a d •

Dst r and al can be expressed as multiples of the nozzle diameter D:

_/_.D2
%4_U • •

o _.D.D "

The only dimension, D, cancels out completely.

The function w__ = f(x/D) is, therefore, valid for all model sizes. _J
U

o
As the inflow velocities are used as boundary conditions for

the potential theory calculation, it is reasonable to express the _ "

measured curves in Figure 9 as e closed expression. The function

of the normalized inflow velocities for the first Jet section _

? behind the nozzle is described by a compensating polynomial, which _"
_+_,4 _ _

_ has been determined according to Gauss for the cold gas Jet and ., :.,,

_+ has been determined by the Tschebyscheff method for the hot gas Jet. "_:.....+.....

++: ._ +t j

t4B ++:
++++:.++++.,

........ :<A ,.,;+.__++:+++'+_.'+_,, " '
....................................... ........ :;.. ., "+.+,_ _h_i.._,..-"__." ._+.++p_.,_._+',_jMIGWE'+I_ + "'-= -
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For nozzle distances above 6 D the infIov, velocity can bt _x-

pressed by a linear eqtmLion.

Cold gas jet / lib

Range of x/D: 0 to 6:

D -x-2_ , -2 x 3W__u: -8"°52"i°'3"6"972'i°-2"()-6.17o'Io'2"(_) _2._o4"Io (-_)
o (9.128)

j .

k Range of x/D: 6 to 30:

w--= "2*2"I°-_'( ) '_(9 129)U • "
_J O

Hot gas jet i

Range of x/D: 0 to 6:

w__= -1,;83. lo"3,5,,501.10 -3. (D).7,969. 10"_. (D)2.Uo (9. 130)

Range of x/D: 6 to 30:

w.. : -1,2' lo "_. (_)+;2. lo ";Uo " (9.131)

149
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9.4.13 Effect of the nozzle shape

No effect of the nozzle shape on the free iet _xpansio_

could be detected with the five convergent nozzles studied.

Divergences in the measurement of the axial values or the half-valaL

radii can be explained by random variation of the measurements.

No systematic variation of the measurements dependent on the

nozzle shape can be detected. The free jet with a critical

nozzle pressure ratio is distinguished less by its history in

I the nozzle than the subsonic jet. The laminar supersonic velocity

of the core and the thin nozzle boundary layer with its low degree

of turbulence due to the high velocity are only insignificant

k information carriers. The effect of the nozzle shape on the

free jet expansion will be stronger for the jet with lower

nozzle velocity.

J

:I
9.5 Rotational!y Symmetric Wall Jet /143_ ,_

Coordinates and velocity components in Section 9.5: 3

u Radial velocity component

w Wind velocity above the ground boundary layer

(at 3 m height)

w' Wind velocity at the height of the _mxim_ wall jet

velocity

w I Wind velocity at i m height

w z Wind velocity at the height z

"" z Vertical coordinate, perpendicular to the ground

_ The hot exhaust gas Jet from the lift engine strikes the _.

_ ground, where it is diverted into the wall Jet, which expands

radially to all sides (Figure 81). The wall let increases in _ _

mass through turbulent mixing of surround|.ng air, and its velocity _

_

150 J
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I Figure 51. The five examined Figure 52. Sectional drawing
free jet nozzles, D = 50 mm. of the five free jet nozzles.
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Figure 55. hight section ....., ...............,,. ,

photograph of the free let. '---J.;. -_ ._+__.___._..J/o__
bl = 1 .........

0
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Figure 56. Distribution of the Figure 57. Turbulent
turbulent fluctuation velocity fluctuation velocities of tbe
in the free jet, according to free jet as functions of the
measurements by Corrsin and nozzle Math number, according _
Uberoi [i0] and Laurence [35]. to measurements by Laurence [35].
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Figure 60. Pitot probe
measurement error caused
by turbulence transverse
to the jet axis.
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Figure 61. Static pressure curve along the longitudinal axis of
the jet.

/

¢

Figure 62. Schltereu picture o£ Figuze 63. Schlieren p£¢tt_re
_ the free Jet directly behind the of the free let, nozzle
" nozzle, nozzle pressure . pressure ra_o 2.2.

ratio 1.9.
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Figure 66. Velocities along Figure 67. Velocities along
the longitudinal axis of the the longitudinal axis of the

jet Math number effect, jet, temperature and Math' number effect.
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and temperature decrease. The static underpr_s=ur_. ',,hich :_-t

be present, as for the full>, developed free jet, a[[ow_ th<

hot. wall jet uo stick to the ground in opposition to th<

thermal buoyant force at the ground (Coanda effects. Accordi_,_

to [60], only v_ry isolated works on hot gas wall jets have v_t

been published, as, for example, those of Cox and Abbott ii ,

Hall and Rogers L24], Higgins, Kelly an@ Walnwright [27j. These,

however_ contain no data about the mass increase of the wall jet,

which is important for the recirculation calculation. Almost all

the basic studies on wall jets are concerned with unheated sub-

I critical jets. But the exhaust gas jet from the single ,_ycle

lift engine strikes the gro'_nd with sonic velocity and high

k excess temperaturc, producing a wall jet expansion which is

different from that of the cold low-velocity jet.

9,5.1 Experimental design and memsuring technique
2
"I

The investigations of the hot gas wall jet on the ground _
effect te:_t system were done with the je.: striking the ground ;:%.

vertically. Measurement of the dynamic pressure in the nozz]- ..o._

plane gave a satisfactory rectangular profile (Figure 85) and "_

allowed us to expect a rotationally symmetric wall jet. A nozzle i

pressure ratio, Pges/P. , of 1.95 was maintained in all tests.

" This is approxlmately what appears for a single cycle lift engine •

and corl:esponds to a nozzle l_ch number of 1. The total temperature

at the nozzle orifice was either 60°C, 500°C, or 1,000°C above

the ambient temperature. The distance between nozzle and ground 144

was varied between 2 and I0 nozzle diameters. The measurements

in the wall jet were done at radial distances of 3 to 20 nozzle

. diameters from the wall ._et impact point.

In the wall jet measurements, the hot gas plpe_ine behind the

? _ombustion chamber consisted of a steel tube I m long and ll3mm

4 inside diameter. The test nozzle was mounted at the end of the_ubel

_ , "
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with the opening downward (Figure 82). The nozzle diam_-t_

decreased from 80 mm to a final diametar of 50 r,mJ. The noz_l_

has a cylindrical outlet of 50 mm (Nozzle 2). [n_ned[ate[y ahtad

of the right-angle defhction of the flow, four static pressur_

holes of 2 mm diameter w__re distributed about the periphery

of the pipeline. They were connected by a ring line. In the

plane of the pressure measuring points, one NiCr-Ni thermocouple

of 4 mm outside diameter trojected 50 mm into the tube flow.

1 As the nozzle pressur, ratio was critical, the right-angle .-
Jeflection of the flow imme]iately ahead of the nozzle did not

proJuce any disturbing asymmetry in the nozzle outlet profile.

k Measurement of the dynamic pressure in the nozzle plane gave a

satisfactoLy rectangular profile, and allowed us to expect

a rotationally symmetric wall jet. The wall jet was studied

on a platform with an area of 12 m 2. Its distance from the nozzle

could be adjusted hydraulically• One great problem was the _

choice of a suitable material for the platform surface On one *_•

hand, it should be similar to the concrete floor at the natural :_

VTOL takeoff site. On the othe:c hand, the material would have

to withstand for a long time the enormous erosive action exerted

I by a jet ?t sonic velocity and haated up to 1,00O - Afte_ many

experiments, the best material tu1_ed out to be L n!te plates

25 _m thick with a 20 mm thick heat shield of Promabe:_t (silica-

asbestos). It was used for all the experiments. After about

30 minutes blast time the Promabest coatings were always ahanged.

The roughness of the platform surf_c_ was less than 0.3 iron.

The wall jet measurements were done with a probe rake which

could be moved by means of a remotely operated moving device

which moved on rails at the side of the platfo____. After checking

the rotational symmetry of the wall jet, measurements were made

with the probe rake only in a plane perpendicular to the tube
J

axis. _!ong the 268 mm length of the probe ra,ke_,were distributed i_ :,
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on pitot probcs of V°A _t_-,_I ,,_,_ i _ ......+_-_, ,_ ......._,_ ....

i.I nml inside diameter, and 20 thermceouples <FiguL-_ _J),

The temperature mes_uring points of the probe rskc consisted of / ]_-_

1.6 mm thicZ NiCr-Ni thermocouples with high-temperature-resistant

Inconel jackeus, with tips welded closed and with the weld bead

lying free inside. The total pressures measured by the probe rake

were lead through 4 mm long tubing lines of 1.6 mm inside diameter

through a pressure measuring point selector (scanning valve) to

a DMS differential pressure transducer with a range of + 2.5 PSI.

In the unheated wall jet, static pressures were measured

with pressure holes in the floor plates (Figure 84). In order to

k do this, a steel plate, polished flat, 50 x 300 mm ii_ size, was

inset into one Eternite plate. The steel plate contained 94

pressure holes, each 0.8 mm in diameter. As the static differ-

ential pressure of the wall jet at some distance from the wa] 1
,!

jet is very small, the pressure values, s_mpled by two scanning __

valves, were not electronically measured and recorded, but switched

to a Prandtl manometer, where they were read to an accuracy of

1/20 mm water column.

9.5.2 Ground pressures

Static pressure measurements in the wall jet were not done in

these studies; only the distribution of the ground pressures over

the _all jet radius was determined (Figure 86). From the high

dynamc pressurevalues in the center of the jet impact point, the

measured pressure decreases with increasing radius. Beyond radii

of 8 nozzle diameters it maintains values between 0.5 and 1.5 mm

water. Underpressures could not be detected, in spite of the

greatest care in the production of the static pressure holes in

_ th, floor plate. No doubt this measured overpressure is caus_.d

by the high degree of turbulence in the wall Jet. This type of

,_ measurement allows us to say nothing about the static pressure of _,_
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the wall jet im_mediately ebove the fleer. Y r,_ euitab[t !_!.=th,,,_

for measuring the static presscre distribution in the wail iet

were reserved. The dependence of th,__ static pressure on the

height (pressure profile) was of particular interest.

9.5.3 Turbulence / i_

In the dynamic pressure measurements, the strong cariations

of the pitot pressure were striking. At R/D = i0 they could

1 amount to 15% of the measured value, and up to 40°'°at R/D = 20.
In the measurements, a digital voltmeter always averaged the

applied value over a period of 20 ms. Even when the integration

k time of the digital voltmeter was changed to 80 ms, the impact

pressure variations did not change. Therefore, they are below

]2.5 Hz. The light section photographs (Figures 55 ana 81) show

distinctly that the edge of the wall jet is much more fragmented o_
than that of the free _et. The turbulent fluctuation velocities i_

of the wall jet are, then, on the order of magnitude of the

illumination period, while the smooth outside surface of the

free jet allows us to conclude that its turbulent fluctuatio_

frequencies are very high. This conjecture is confirmed by

Hall and Rogers [24], who published a spectral density distri-

bution of the wall jet, showing the same frequency for the

. turbulent fluctuations in the range between i00 and i Hz. As the

turbulent fluctuation velocities of the wall jet, according to the

same authors, are 30% of the local velocity at the ground and

up to 50% of the local velocity in the boundary layer with the

, surroundings, it is not reasonable to undertake dynamicpressure

_ measurements in wall Jets with rapidly sampli_ digital data

_ii_ collection systems which work in the millisecond range. Measure-

_; ment and integration times of about I second, such as the U-tube

manometer with long tubing lines has, lead to better results.

i Here the dynaaiclpressures are not evaluated directly, with the

measured values, but with values improved by a compensation curve.
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As the Pitot tube neare-_t the wall lies direct[_ on thL f l,_or,

there is an error in the measurement because of the velocity

gradient at the wall. With measurements at a wall distanc_ of

less than 2 probe diameters, the measured velocit is too low.

According to Wuest [78], a correction of 1.6% should be added to

the measured velocity in this case.
J

The dynamic pressure and temperature of the wall jet were

, always measured together, so that the local velocity may be

I calculated according to the laws of compressible subsonic
aerodynamics, with the static pressure of the wall jet set equal

to the ambient pressure.

\
9.5.4 Similarity of the profiles and wall jet breakup / 147

An investigation of the mutual similarity of the wall jet

profiles was performed at the radius R/D = 20, which was far o_

behind the starting zone, and therefore in the range of the fully

developed wall jet. If we plot the dimensionless temperatures

versus the distance from the ground, normalized with the half-value

height, then the distribution is the same for all the nozzle

temperatures and distances from the nozzle to the ground which

were studied (Figures 89, 90). In the dimensionless velocity

plot the temperature effect produces no deviation from the

Glauert normal profile [21], although the change of the distance

of the nozzle from the ground does (Figures 87, 88).

If we compare the measured dynmuic p:essure profiles with

' each other ac a certain radius in the wall Jet for various

nozzle distances H/D, then we establish, surprisingly, that

the maximum dynamicipressures increa._e with increasing ground

i__ distance up to H/D - 8 (Fisure 91). Although the distance covered
E_

_:. from the Jet to the measuring ,pointat R/D = 5 for a nozzle
distance from the ground of 3 D is almost half as far as when *
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the nozzle distance from the ground is l0 D, the maxi_Lilr,dv,_._,_ic_

pressure for the greater nozzle distance is 241.._rcatcr th<_: f,>,

the sho__ter distance. This "reversal effect" cannot be,dctLctL<l

in the temperature profiles. At the same measuring point, short

nozzle distances here cause higher temperatures (Figure 92). No_,

if _°eplot the curve of the maximum impact pressures and veLocitic,s

, versus the radius, the "reversal effect" can be shown clearly. The

maxim_n dynamic pressures and velocities increase with larger

nozzle distance up to H/D = 8 (Figures 93, 95, 97, 99, i00).t

If we increase the distance of the nozzle from the ground fartherI
to i0 D, the,dynamic pressure and velocity curves remain constant,

as reported by Cox and Abbott [ii] and H'61scher and J{lnke [30].

k An for the decrease of the wallexplanation jet velocity as the

nozzle apprc _ches the ground must be sought in the free jet

expansion. If the laminar core flow of the free jet strikes

the ground, then the defleccion to a wall jet will be linked with

greater losses in momentum than on impact of a later region of

the free jet with its fully turbulent flow. As the cross-sectional

area of ths core becomes a larger portion of the total cross- j_

secnional a_'ea of the free jet where it strikes the ground, the
loss in the deflection becomes greater and the normalized

velocitf profiles of the wall jets are no longer affinitive.

Only when _he free jet strikes the ground with its fully

developed region are the profiles of the wall jet velocity

similar to each other.

As in the free let, the dynamic pressure and the velocity / 148

of the wall jet decrease more rapidly at higher nozzle temperatures

(Figures 93, i01). An effect of the nozzle temperature change

cannot be detected at the maximum temperatures in the wall jet

:] (Figure 95). Only the distance from the nozzle to the ground

_:_" is noteworthy. The meesuremeL,.ts are distributed on two curves:

if the free Jet core reaches the ground, as is the case for

distances H/D _t 5, the wall Jet temperatures are on the upper
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c_,_vp _nd are hi_.h_r lhnn l.h_. tr_n,perat_r+_ ;tL Lh( l_rc__r !l_. /1.__

distances of It/D = b to 10. The mot,qentLml lossc._ in the ,t__f;, o-

rion of the supersonic core become apparent as a temperatur_ incrc._:__

in the wall jet.

The parameters with the greatest effect are clearly outstandin_

on a double-log plot of dynamic pressure, temperature and velocity

(Figures 94, 96, and 98). The distance of the nozzle from the

, ground is the c,haracteristic influencing quantity for the

I gas-dynamic state of the wall jet.

k 9.5.5 Half-value heights

The half-value height, ho.5, has been selected as a

measure for the wall jet height• This is the distance from the

j ground at which the loeal dynamic pressure, the local temperature, -_

or the local velocity reaches half its maximum value It appears ¢•

from Figures 102, 103 and 104 that, as in the free jet with a _

critical nozzle pressure ratio, so too in the wall jet, the _

spatial expansion is independent of the temperature. The half-

value heights of the measured dynamic pressure, temperature, and

velocity profiles fall together on a straight line for all

nozzle temperatures and nozzle distances. The variation in the

measurements is caused by the low-frequency turbulent fluctuations,

but there is a distinct frequency maximum on the solid lines.

Because of the variation of the measurements we cannot -_-stablish

unambiguously whether greater distances of the no;--ie from the

ground produce slightly thicker wall Jets, as reported by Hrycak,

Lee, Gauntner and Livingood [31] _nd by H_Ischer and J_lnke [30],

., who have studied supersonic Jets. The measurements of thes._

_.: authors are included in Figure 104 for comparison. From this _,e

_ can see that the wall Jet expansion proceeds quite analogously

to the free Jet expansion. The su_=ritical Jet with its lower

velocity has a _tigher degree of turbulence than the Math 1 jet

,166 ._
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and, therefore, produces a wider iet which breaks up Ti_or_,ji_;u':l\.

9.5.6 Volume, mass, and momentum flow / laq

For each measuring point of the probe rack, the density and

velocity were determined. From these, a partial volume or a

, partial mass were determined, in order to calculate the volume

flow

I v = 2¢_ l u.dz (9.132)

\
and the mass flow

h

• I" m = ;_R 0"u'dz (9.133)
0

of the wall jet at a certain radius from the jet impact point.

The sum of the partial quantities out to the jet edge, where

the velocity disappears, yields the local total volume flow

or the total mass flow of the wall jet. The volume flow and

the mass flow are plotted in Figures 105 and 107 versus the

radius, for different H/D values and temperatures. The increase

is linear and strongly dependent on the nozzle height and the

temperature. The high-loss jet deflection at short nozzle

distances also decreases the volume and mass increase of the

wall jet. It is striking that the values for H/D- 2 are always

above those for H/D - 3. An increase in the temperature causes

a faster breakup of the Jet and, therefore, a stronger int&rmlxln S

of surrounding air. The results of Sklfstad are included for %

comparison (Figure 106). He established mass balanced for sub- .,_,

critical Jet studies by other authors. We can see that these _ _
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values must be higher than those of the Math 1 }Lt. Bec,tu_< _,I

the greater turbulence of the slower jet, it breaks up fa>t_r,

with greater half-value heights and faster mixing with tht

surroundings.

The nozzle temperature and the nozzle distance from the ground
J

exert a very strong effect on the mass increase of the wall jet.

If we normalize the mass flow of the wall jet, not with the mass

flow m at the nozzle outlet, but with the mass of the free jetO

I at its point of impact on the ground, n_Stau' which can be taken

from Figure 79, then at ground distances H/D =. 5 all mass

increase curves for various temperatures and H/D values can be

k described by the straight line

m R
7- = o._ • _ (9. 134)'i m

S1;;'U

Figure 108 shows the curve ,of the momentum flow L_° i

k

i - 2,R I p"u2.dz%_' (9. !35 )

calculated from the measured pressure and temperature profiles

for various radii, nozzle heights and nozzle temperatures,

versus the wall jet radius. Here we determine a partial momentum

from the density and velocity at each measuring point of the

probe rack, summing them to obtain, finally, the local total

_; momentum flow.

As expected, the momeutum flow of the wall Jet is practically

: independent of the radius. Like that of the free Jet, it is the

_ same for all measuring cross sections. With deer, easing nozzle v
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distance from the ground, the momcntu, r flow of Lh{ w;ill ]_I. ,!

decreases. At H/D = 10 it is 62%, ,_nd at H/D = _ on[v 45' (_!-tb

initial momentum at the nozzle. The low wa[[ ]ct momcnt,,m ;ipp,:_--

if the core of the free jet strikes the ground. The momentum

f]ow of the wa[i jet decreases as the proportion of the core

cros_ section to the total cross section at the point of i.mp}_ct

' increases. Figure 108 shows that the deflection losses from

the free jet to the wall jet, which are expressed as a drop

, in the wall jet momentum flow, no longer chan_ as the nozzle

I distances increase beyond 8 D. The momentum and velocity curves
_,t I0 D distance are identical with those from 8 D. The nozzle

teL.nerature has no effect on the momentum curve. The distance

of the ,l_7zle from the ground is the determining parameter.

The static pressure of the wall jet increases in the vicinity

of the jet impact point, but pressure measurements cannot be_j

made there because of measuring difficulties. Thus the caiculation

of the momentum flow is based on the static ambient pressure.

This simplification, however, leads to the drop in the calculated

momentum flow at small wall jet radii shown in Figure 108; but

the range of influence of the deflection region can be explained iwith just this drop in the momentum curve. The effect of the

im[,act area does not extend, as Gauntner, Livingood and Hrycak

[31], out to a wall jet radius of 3 nozzle diameters. Rather, !for a Math i jet, it extends out to R/D ffiI0, as he momentum

curves clearly show. "

Likewise, the deviation of the velocity curve from a straight

line in the double-log plot of Figure 98 is a result of the drop

in velocity with approach to the im[:_:i,point or an erroneous

calculation of tke velocity due to a rise in _he static pressure ___

of the wall Jet in this region. The velocity curves also indicate

an effect of the impact region out to R/I) - I0.
t
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9.5.7 InfLow vc lociLy

The inflow velocity for the wall jet calculated froth, the

mass increase is plotted in Figure 10. It decrc.ases as th_ J r:_di_J_

increases or the surface area grows. The nozzle distance is :m

important parameter for the inflow velocity, as it is for the

' mass flow. Lar r distances of the nozzle from the ground ;_tlow

a wall iet with higher momentum, which draws in Larger amodnts

of surrounding ._ir, these flowing in faster in agreement with

] the continuity equation. A comparison with the inflow velocity
reported by Liem [38] gives good agreement for the unheated jet

at la.s_ dJstance_ between ground and nozzle. Low nozzle

less turbulent wall which interac: tess withheights generate jets

the surroruLdlngs.

As for the free jet, the inflow velocities of the wall jet

are independent of the model geometry. For the mean inflow

velocity out to the radius R we can write

F
rad

where Av is the volt=he sucked in over the circular area Fst r. i

If we express these qumntlt_.es as multiples of the no£zle

di_aneter D and the wall Jet radius R,

_/0 UO •FO

Fra d w •R2

w/_. r2
W _ U '-m''-'-- •

° w .1_2

But the ratio D/R deals with the most important similarity

parameter, which is always held constant for the model and the
full-scale design, so that the inflow velocity is independent

_:. of the model size•
_7
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The coefficients for functions of the inflow velocities

of configurations not measured can also be determined by

interpolation between the table values.

#

4
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9.5.8 Separation _f the wall let from th< .<r<u:_< '', ',_.}_,

effect of the wind

When the VTOL exhaust gas jet strikes the ground, Lt expands

radially to all sides as a wall jet. Because of its bueyancy,

the attempt of the warm gas jet to separate from the ground, an

' underpressure develops at the underside of the wall _et, according

to Cox and Abbott Jill. Where the ratio of the underp_essure

to the local maximum dynamiepressure exceeds a certain value, the

I wall jet separates from the gromnd. For the hot gas jet, Cox and
Abbott define a moQcl parameter, which they derive from the

Grashof number:

.\
13"g'8"O'p _ , 13Gr :- _ J : 'g'_'0"_

2
p v _ ' (9.137)

i

'J $

With the buo • _nt for_e per unit volume

A = _'g'_'$ (9. 138)

4

and the shear stress per unit area (viscosity) / 153

T :- (9 139)1

we can w__te:

Gr = Re • Buoyant force (9.140)
Viscous force

Now Cox and Abbott se)ect the ratio

!

Buoyant fqrce . 13";'B'8"PN I'K'B'6 (9.141)

Kinetic force --_ ''2"12
U2

%
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mull li_d by. L}-t_ L_[upcrdLu_ Ldu_u.... _ th_ _L_L_,_,-_ _-_,_ _........ ..

for the warm watt jet

2 • n

3.g'@'D "c

For the thermal separation radius of the heated wall jet without

a wind zffect, Cox and Abbott semiempirically determined the

relation

i u T 1/2 1/2
R o .( )
--- : 0,62 "D (9 142)D 8-g.0o o " "

\ ,
If a wind flow blows against the wall jet, then the gas jet

separates from the ground even before reaching _his thermal

/ separation radius. According to Cox and Abbott, _t separates
.7

where the ratio of the wind velocitv to the maximum local wall jet

velocity exceeds the critical ratio

w

--- : 0.39 (9 143)
max

W __ have performed expeziments to test this statement on the

separatiu radius under the effect of w._nd, which is very

important for recirculation calculations. Purely thermal

separations of the heated wall jet were not investigated, because

of the experimental difficulties in the measurement of large

separation lengths and their minor practical significance.

The length which the wall Jets run against wind flows was /154 '

measured with a constant nozzle di_,_e_e.r ,'" 50 mm for different .,,

nozzle blach numbers, nozzle temPeratures, and distances of the ._ ,,_

nozzle from the ground. A blower produced a wind flow against

the wall jet (Figure I09). Three different wind velocities could _. ,

,_;_,+,__;;_':
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[_. l.:bLd. LJtibli_tl. tiicJ_l_ L i£v_b clLv /J]uLL_:_ Oi_ "'--"L_tL±, ..........0 _,,t,,c_L , _-,_

in Figure 110. The gradi<nt of the wind velocit, in th_ dirL_t;_.,_

it ran was small, so that it dig not falsify the _xperimcntaL

results. Great care was taken to simu]ate a realistic wind profit, .

The velocity profi[, of the wind in the boundary laytr near the

ground can generail) he described witi_ an exponential relation:

w : w " z (9. 144)
z 1

The exponent n depends on the height. In meteorology, however,

it is usually set constant and equal to 0.3 for the ground friction

layer. The wind Qcmfile, measured at n_ny points over the p'ate,

k is shown in Figure 111. In figure 112 the rue velocity pro. LLe of

the wind near the ground is compared with t!:_ profile used in ghe

erperiments (w o = 8 m/s). The agreement h._tween the two

profiles in the area of the wall jet is very good. Only at

d greater heights above the plate did the velociLy profile of the

blower jet drop off in comparison to the true wind profile. This

difference in the profiles is allowab!_ because it occurs in an

area which exerts no effect on the _all jet flow and its separation

from the ground. The separation lengths were reco_ed photograph-

ically with the light section method, in which the wall jet fL_w

was colored with the contrast powder (Figure 113, i14). The

separation radiu_ was defined as the maximum radial len,;h of rim

for the wall jet, which could be detected on the light section

photograph as a botmdary between the white-colored jet and the

uncolored, dark wind.

Figure 117 shows the separation radii versv=: the wind velocity

at H/D = 8 and critical nozzle velocity for different nozzle

temperatures. The wind velocity data in the diagrams are me.ant

to be the maximum velocity of the profiles being investigated.

As the wind velocity increases, the separation radius decreaseq

linearly. No effect of the nozzle temperature on the loca6ion of

I
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!

the separation point is detectable at wind velocitJ_-_ atJo,, _,,_.

The nozzle b_ach number. [n contrast, plays a i£eat part _,] b .-,_d,<t

to the separation radi_s. As the nozzle pressure ratio decr_ast, s,

the jet momentum decre,,ses and, wlth it, the distance whicb th_ /!5

e}:panding wall jec ruts against tnc wind <Figure 118).

' The strong dependence of Yhe nozzle distance from the _round

on the separation length of the wall jet is striking. The ]ow

wall jet momentvm at low H/D valu,_s also leads to shorter separation

1 lengths whei_ the wind is blowing. The separation radius at
H/D = 3 and that for H/D = 8 are compared in Figure LIg.

k The horizontal course of the separation line for H/D = 3

can be s,_en in Figures 115 and !16. These figures were obtained

with a horizontal light section 50 mm above the gruund, The

separation line takes or an elliptical shape, with the minor
2

semisxis corresponding to the :{eparation radius. Here the

very irregular separation line is conspicuous. This is due to

the low-frequency fluctuations of the separation radius. All the

ma_nltudes for thr separation radius given here are means of

several individual measurements. Their variation often amounted

to as much as 10%.

If we compare these results with these o.f Cox and Abbott [ii]

(Figure 113), we establish that their very ,.heft separation radii

for the wall jet under the influence of wind m_mt be due to the

small, not reported, jet Macb number in their experiments.

According to Figure 118, decreasing Math numbers allow the

separation radii to contract. Nozzle Math numbers below 0.5 could

lead to the measurements of Cox and Abbott. The critical velocity

raLio used by Cox and Abbott, which iea4s to separation of the :

wall jet, proves not to be a unlve_:sal constant f Jr all experiments

by any means. It appears that the value is strongly dependent on

"-_ the Jet Math number and the height of the nozzle above tie ground.
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For H/D = 3 _be values scatter:

W

" 0,52 - o,71 (9. 145)
bl

max

w _
- 0,38 - o,48 . (9. 146)

U
max

For H/D = 8 we obtain fixed critical vaiues-

W
-- : o,79u (9.147)

rGax

t w,-- : 0,54u " ( 9. 148 )max

k Here v: is thc wind velocity over the boundary layer near the

ground. In the experiments it was the maximum value of the wind

profile, w' is the velocity of the wind profile at the height

of the maximum wall jet velocity Urea x.

r

%
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IN;I'_%JL)UCIBILITYOF TFIEORIGINAL PAGE IS 'POOR.
I

i ........

p,

Figure 81. Light section Figure 82. Probe rake in the
photograph of the wall jet. hot gas jet.

r)lt:lEnlnllHp
__m mmN _

r-

Figure 83. Wall Jet probe rack.
\
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94 Pi. 0t p_ohes ..... -"

I 84 Pitot probes "_'

Eternite "

I Planer 'i_'_ Ground_ ""_''°,Cemented,

\ liili
Pitot probe.,_ _,

Figure 84. Measuring point arrangement for the ground pressure
study.

/ z57

Across the____Nozzle 2,
_ _; ' ± tube axlsi, _--!_ vertically _.

'_ _' Along the l\i _" '-
_; • ,--+----.. . I II _ozzie

c, _UDe ax_s i | pressure

_" _ ' Jet excess temperature _.._ _ i_-._ .l- ! I
_i i I _, ---_Jet velocity '_''t _I " .... 7"_I --'_---q

..;._ . .

Figure 85. Dynamic!pressure Figure 86.. Grot,,_d pressure - _
profile in the nozzle outlet distribut_on, }_/D effect.
plane of Model I.
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2

t,___... H/D,,2 R/.0=20 z

"_0 _=5_0"C -- '. = _,,,,60"C

I . -G_._e_ profi le . o o _,.Jo(x,'c --............ = . _-Clauert prufile

1 i i :

u,,,=, Qs @ .v._ _

Figure 87. Normalized velocity Figure 88. Normalized velocity
profile, H/D = 2. profile, H/D = 8.

2-\, I I "_' ' _ _ ' 't ' 'z ,_ _,,? g/O-20

_*'_I -_omDensation cu.cve _ -- "_%_¢ _-
, '_ _',,;' I "_. I "-,t.;ompe_s&'r.l_On

Oo =, _. = -F.." °o ., ., .. .,_=.

Figure 89. Normalized total Figure 90. N_,vmallzedtotal _
temperature profile, referred temperatu=e p_of.tl_., referred
_o the half-value height for to the half-value height for

r_ the temperature, H/D = 2. the temperature, N/D = 8_
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"_ 'o_ l _ ._ ,o ....
i , D .$o_

_J ,,o--- _P --- # . 550"C .....

,6
Jo- 1 '

I

II

- _ 0 IO0 200 300 400 m/_0 _0 JO =0 60 I0 _ *C r_O

Pitot pressure

h

Figure 91. Pressure profile of Figure 92. Temperature profile
the wall jet, effect of the of the wall jet, effect of the
nozzle distance H/D. nozzle distance H/D.

° k[ ]

_ I \_ L_:- " ,, _,\..........

Noz:_le 21 to| l --f.-_,_ ,= i

Figure 93. Distribution of the Figure 94. Distribution of the
,:: max2m_un d/n ami clpre.ssure, m_'-_mu= df_ssi _pressure,

temperature and H/D effec_ . temperature and B_D effects.
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s Figure 95. Distribution of the Figure 96. Distribution of the
maximum temperatures. Temper- maxim1.::temperatures. Temper-
ature and H/D effects, ature and H/D effects.

Z 159

D • 5Onyn1 I._,o_ I

0 ' _;_; 3 $ I0 _ _ORO dO

Figure 97. Distribution of the Figure 98. Dtstr£buCion of the
maximum velocities, H/D effect, maximum vel,_cittes, H/D effect,

eo = 60'C. eo - 60"C.
J
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__ _ 8o--500°C

99. Distcibution i -__..._ D =50ram,Figure
of the maximum velocities, /_ ._ozzle 2_-5ooo_._'y_-_ .....H/D effect, 0o ___

oI--i I i -•
0 3 5 _ _ R/O 20

\

_ _ i_'' ., eo-lOoo c
s Figure 100. Distribution _/o _2 0 =50mmo<<.e !?,'--_1,000°C _I ;.Nozzle 2 ._

H/D effect., 8o l-_

0 3 $ I0 15 RID 20

"1

HAD.a

Fi6ure 101. Distribution
of the maximum velocities, @3
temperature effect.
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' _2,5 r----_

r- _o"¢,o*q.,_O_oa:;oooc 1

Figure 102. Half-value / 12-50trim -- _----------_Iheight of the dynamic
] pressure. ! _-Nozzle 2 l ...--q

L I /_Variation range
0"5, ' " of a "

' " - 11 mcasurcments

\ oL 2_ / i
0 3 $ If) _ RID

Figure 103. Half-value 5- ,%,,I .... -h-- _.4.'_.%...---'_
height of the tot_l 4- D-$_n_ . __7------ _

temperature. ' -- N_r:_- -'_,.. ,dl_k%__iat i o. ranqge- ' C _1

O_ 3 $ ¢ B ,'_D 20



M/_- ?.J. 4. io I. I. _

J .... 7 _'" iO'C. ,_l_'C. I_00"¢ i_,._'

, __ .o.,,-_ _t_______ i
Nozzle 2 _/I_ f

; _/_Variation range or

] , ""- _"--al 1 measurements- 1

0 I . i •

0 J i JO P'/O "_

' Figure i0/ _a!f-value height for the velocity. Effect of the
nozzle Finch number. %
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_

: arrangement and measuring Blower_ j_ iFi_ e 109. Experimental __ Measuring_ - bti ' "'5
-- point 1 Jet impact

points for wind measurement. __ J : l point
Piate 'I ', Plate'2

Om ,W. _m 5m 6m ?m

J

Figure ii0. Course of -7,
$: the wind velocity along

the Y axis 250 mm above " , i

:" the plate surface. [ i i-. I
_ 4 _ 4 tm 7

._ Ai No throttle ring in the intake cross section ;,;_/ ,
o' One throttle ring in the intake cross section,
+_ Two throttle rings in tbm-intake cross section

!
.,_. 186 ._ .... : ....,:.. .._, .....
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Measuring -Measuring Me asurlng Measuring

_P _-%1_asurln_

== "_ I oint 4 !_ point% point 1 ia point 2 polat 3 >C i

_ Throttllng: _

"',i Ano ringw-_--- " ! ' ' ' ' " "

s'_O one ring_ I !% ',
l_+two i _\ -- ,;

i 1 ' i t J _

. llf 17710

0 PO _ 0 I _ I aO 0 i _l_s l _ t

Figure IIi. Measured vertical wind profile for different

throttle settings.

_-" .cll _imulate_ ' i ed
I-l-a i

_: '_+ (snlal_ed

wimltvele=l.,*ll,{

Figure 112. C_nparison of a natural wind profile with the
simulated omi. ...............

_ 2

_
..... ,....:-._ :..:: :::,,.:,.:,..:."

, .. • "' '"=.;':_.:;,',,":.. :"!_,.,...,..':,.-,..,,.;_.,_.;_ :cl,;_.-,._,.'. .,::

• :" " " :4"- . -. • : ... ". .. • .... ...._.l_. _.._ii.&_;....,..,_.,. _._ '_ _: _ i_'b_, _ _;._
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_1 illil I l I I i I "--,,,,_

;._,_ 4_

Figure 113. Light section Figure 114. Light section :_
.: photograph of a wall jet photograph ot a wall jet :_

,.,, separation due to wind effect, separation d'e to wind effect. __
MO= i, eo = i,000°c, Mo --i, e0 = 400°C,

_ Wo = 22 m/s, H/D = 8. Wo 22 m/s, H/D = 3

i Figure 115. Horizontal lisJat FiNe iiS. Horizontal light
_ section through the mail Jet, secti.m threm_ the wall let,

50 am above t_e plate surface, 50 _ above_t_ plate sturtace.
_ _o"o.n, Col-6o'c, "o " o.7e, ,g_ 6o'c;

i Wo .. 22 m/s, ll/O - 3. Wo" 22 m/s, li/O - 3.
"BOa
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ID, i _,_.
0 I "© ' "

: ! 0 , L:

Wind velocity Wind velociL/ r_"

Figure 117. Separation radius Figure 118. Separation radius"j ,..

_:_ of the wall jet. Temperature of the wall jet. Math number
_ effect, effect.

J _x I l_:,'_l

, ."i N_-_

WiN velocity _

FiEure llg. Separation radius of the wall Jet, H/D ef£ect.

• . ........,::_.,_,_._,.- _ , _,
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9.6 Measuring accuracy and error estimation / ib4

Systematic and radom observational errors occur in measure-

ments. While systematic errors can largely be calculated and

eliminated, random errors cannot be prevented. They must be

considered in the average of the experimental results.
?

!

i

Systematic errors
Calculation in

section
I. Effect of turbulence 0 to over 10% 9.44 _

on the dynamic pressure

mea surement

2. Effect of radiation and 0 to -2% 9.45

\ recovery factor on the (average: -1%)

temperature measurement

3. Solar radiation onto the

thermoeouples

4. Atmospheric. wind movements

,_ The dynamic pressure error due to turbulence is considered

_, throughout the evaluation of the results. The temperature

_ measurements were not corrected, however, so that on the

_ average they may be considered to be 1% too low. Error sources
'L

"_. 3 and 4 can be eliminated by the ,act that the experiments took

_. place only on days on which direct solar radiation or wind

_ movements did not occur,

.... "% ,_•

Digital voltmeter + 0.2 to 0.5% or + I digit

DNS pressure transdu=er + I%

Calibration of the I_S + 0.$_

prass_e t_aujducer

Hot film transa_,_,ar + IZ .... i ....

2_ _ r _ S "" . S f" . " I'.S. '. _

i,.:._.,_.__::.S. i i' - ='_:*__"::",:'_=+:":_
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Jacketed thermocouple up to 300°C: _ 2.2°C

above 300°C: + 0.8%

Reference point temperature _ 0.2%_0.I°C

Nozzle diameter tolerance 50 mm + 0.05 mm

Position of the probe rake _ 2 mm

Individual measuring points

of the probe rake ! 0.5 mm

Accuracy of quantities held

constant during the time of _

the experiment:

Nozzle prechamber pressure _+ 3% _

Nozzle prechamber temperature ! 5%

\

Accuracy of the impac t pressure measurement: / 165

Turbulence causes a systematic error in measurement of the

impact pressure. For the hot gas jet, it can amount to more than

_ 10% of the measured value. This pitot probe error must always

be considered for impact pressure measurements in turbulent flow.

It is

Psi

A_ :2,_._St (_,2+;,2.;,2). (9.103)

_ The local turbulent fluctuation velocities are not known for

!_ the Mach i Jet, so that they must be estimated in this work.

:_ If we assig_l these estimates an accuracy of + 20_ and allow

an error of + 2.3°C in the temperature, then from the Gaussian

law of error propagation, we obtain the average error of _I.

so,, . A 2., ' ,)A,w, • (9.t49>

i.+ 25%._s _aan ,_ _,_ _ _, _a_ totbin_u_1 i_
p

_,,. ,,.,.;,,,_.... ., . '_:_:...,,..:;:. •....,.,!,:,,_.:'.,".,_",_.._,:
•4(,',,.'-,'', _ _4-,,_._,,_ ,'.'_ ".... "_:'. . •"',7#" _':,;,_; %_"
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dynamic pressure. The measured dynamic pressure also has a randorT_

error of + 1% due to inaccuracies of the DMS pressure transduccr

and of + 0.5% from the calibration process, so that the measured

dynamic pressure, corrected by the turbulence error, on which Lhc

evaluation is based, can be incorrect by 4 4.5%.

' Accuracy of the calculated velocity

The velocity is calculated as:

! q
" (q'@ '_') ¼"(t) " (9.95) _

\
The dynamic pressure measurement has an inaccuracy of + 4.5%, the

temperature measurement has an error of + 2%, and the recovery "_

factor has an error of + 2%. The Gaussian error propagation law "_

is :

V " iS(_ _'"_M/ (T.) + _,O_q/ S(qi + % _#1 $(¢') . (9.150) _

The mean relative error of the velocity, calculated from the

measurements with their errors, amounts to ! 3.3%.

Translated for National Aeronautics and Space Administration under
contract No. NASw 2485, by Scitran, P. O. 5456, Santa Barbara,
California, 93108.
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)6. Abst|ect

A method was developed to predict theoretically the increese
in temperature due to wind recirculation in the inlet of a VTOL

lift engine exhaust discharging downward toward the ground.

Calculation of the velocities in the recirculation flow and determination

of the temperatures using the _aws_of spread of buoyant plumes, are

presented with regard to potential theory. Model investigations were

carried out to check the results. The three regions of a VTOL propulsion

Jet (the free Jet, the wall Jet, and the zone of separation of the wall

jet from the ground due to wind effects and buoyancy forces) were

investigated using model Jets wlth crltieal nozzle pressure ratio

and temperatures up to i000 C.
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